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ABSTRACT 


A  series  of  computer  programs  has  been  developed  for  the 
calculation  of  the  acoustical  field  in  long-range,  low-frtquency  under¬ 
water  sound  propagation  in  the  deep  ocean.  The  programs  involve  the 
extraction  of  data  inputs  from  available  data  banks,  the  calculation  of 
ray  trajectories,  and  intensity  calculations  that  are  based  on  the  mapping 
of  ray  densities  into  the  far  acoustical  field.  This  report  outlines  the 
methods  used  in  the  calculations  and  provides  incidental  commentary  on 
the  results  of  the  program  and  its  application  to  underwater  sound  propa¬ 
gation. 
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CHAPTER  I 


INTRODUCTION 

1 .  1 .  Objectives 

The  resuits  oi  a  number  of  experiments  in  low -frequency,  long- 
range  underwater  sound  propagation  have  shown  that  bottom  interactions 
as  well  as  changes  in  the  velocity  profiles  with  range  will  play  important 
roles  in  determining  the  efficiency  of  the  acoustical  transmission  between 
an  underwater  source  and  its  receiver.  To  include  these  effects  in  the 
analysis  of  experimental  data,  Hudson  Laboratories  has  developed  a  ray 
tracing  program  which  is  especially  adapted  to  multipath  long-range 
acoustical  propagation  —  oriented  toward  ranges  of  several  hundred  to 
several  thousand  miles  -  with  the  point  of  view  that  the  program  should  be: 

i)  at  least  semi-quantitative  with  respect  to  the  prediction 
of  acoustical  transmission  losses, 

ii)  a  flexible  research  tool  that  can  be  used  in  connection 
with  the  analysis  of  results  from  specific  experiments 
to  choose  parameters  needed  for  the  prediction  of 
intensity,  and 

iii)  as  complete  as  possible  in  terms  of  assimilating  and 
organizing  for  convenience  a  variety  of  data  inputs  and 
presenting  computed  results  to  the  scientist  for  his 
interpretation. 

This  complete  ray  tracing  program,  or,  more  accurately,  the 
system  of  programs  that  has  been  developed  (Fig.  1)  is  discussed  in 
this  report  with  the  motives  that  led  to  the  selection  of  certain  techniques. 

The  work  can  be  divided  in  a  natural  manner  into  three  major 
groupings: 

1.2.  Data  Inputs 

1 .  3.  Ray  T racing 

1.4.  Intensity  Calculations 

and  these  groups  are  also  consecutive  steps  in  the  data  flow.  The  over¬ 
all  program  can  be  illustrated  in  terms  of  representative  outputs  for  each 
group  above,  which  will  also  serve  as  an  introduction  to  the  details  of,  and 
a  summary  of,  the  present  program. 
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1.2.  Data  Inputs 


Figure  2  indicates  a  great  circle  path  from  30*N,  20*  W  to  50*N, 


4.  »»  vvvi  wul 


mission  loss.  Coordinates  for  this  track,  or  for  tracks  specified  by  an 
initial  position  and  bearing,  are  computed  so  that  the  path  can  be  plotted 
on  standard  bathymetric  charts  to  obtain  a  bottom  profile.  Figure  3  is 
an  example  of  the  track  coordinates  printed  at  25-miie  increments. 

If  no  special  vclocimetric  data  are  available  for  this  path,  e.  g. , 
data  from  a  particular  experiment,  or  if  given  data  are  to  be  checked 
against  standard  data  for  the  area,  the  magnetic  tape  files  of  the  National 
Oceanographic  Data  Center  (NODC)  can  be  searched  for  data  of  given 
months  for  sound  velocity  profiles  that  possess  depths  equal  to  or  greater 
than  a  Maximum  Depth  of  Observation  (MDO),  and  which  lie  within  a 
specified  range  or  zone  width  from  the  given  track.  Figure  4  gives  the 
identification  numbers  of  all  velocity  profiles  catalogued  by  NODC  for  the 
months  10,  11,  12  with  an  MDO  greater  than  1500  meters  and  which  lie 
within  50  miles  of  the  track  of  Fig.  1. 

All  the  velocity  profiles  selected  as  pertinent  to  a  given  track 
from  any  input  data  source  are  converted  to  a  standard  form  for 
editorial  review  before  insertion  into  the  ray  tracing  program.  Stations 
given  in  terms  of  temperature,  salinity,  and  depth  are  converted  to 
sound  velocity  and  depth  entries  by  use  of  Wilson1  s  equation.  *  Also,  if 
the  MDO  of  a  station  is  less  than  a  maximum  bottom  depth  for  the  ray 
tracing,  an  inverse  solution  is  made  of  Wilson' s  equation  to  determine 
the  water  temperature  at  the  MDO  and  the  profile  is  extrapolated  to 
greater  depths  by  assuming  that  the  water  temperature  is  constant  and 
the  sound  velocity  is  a  function  of  pressure  only.  Figure  5  shows  the 
standard  form  used  for  the  profiles.  A  four-point  fit  of  entered  data 
points  is  used  to  determine  the  sound  velocity  at  20-meter  intervals  to 
2000  meters  and  at  100-meter  intervals  to  the  greatest  depths.  The 
MDO  of  the  profile  of  Fig.  5  was  5277  meters  and  the  entered  velocity 
represented  a  water  temperature  of  1.818°  for  an  assumed  salinity  of 
35.0%,.  Insofar  as  the  roughly  1.8*  temperature  is  typical  of  deep 
water  in  the  geographical  area  of  the  profile,  this  velocity  profile  and 
its  extrapolation  were  accepted  as  valid  for  inclusion  into  the  ray  tracing 
program. 

*  References  are  compiled  at  the  end  of  each  chapter. 
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Any  number  of  velocity  profiles  can  be  inserted  into  the  program 
to  construct  the  total  velocity  field;  additionally,  and  provided  that 
profiles  can  be  obtained  at  the  beginning  and  end  of  the  acoustical  path, 
a  number  of  shallower  profiles,  e.  g.,  BT  or  X-BT  casts,  can  be  in¬ 
serted  to  fill  in  important  detail  relating  to  the  surface  or  near-surface 
velocity  structure.  This  process  is  described  in  detail  later  in  this 
report  (Chapter  II).  The  net  result  is  the  construction  of  a  set  of  velocity 
profiles  ordered  in  range  over  the  acoustical  path  which  constitutes  the 
velocity  field  for  the  subsequent  ray  tracing.  Accompanying  this  data  is 
a  bottom  contour,  i.  e.  ,  a  set  of  bottom  depth  vs  range  entries. 

The  variation  of  the  velocity  profiles  with  range  can  be  inspected 
in  detail  by  plotting  the  difference  between  successive  entries  with  respect 
to  a  standard,  usually  the  initial,  velocity  profile  entry.  This  is  shown  in 
Fig.  6.  The  multiplot  not  only  indicates  typical  local  variations  among 
the  set  of  profiles  but  shows  the  manner  in  which  the  velocity  profile 
structure,  e.  g.,  the  profile  shape  and  the  depth  of  the  sound  channel, 
changes  over  the  acoustical  path.  These  changes  represent  propagation 
through  different  ocean  regions  such  as  those  defined  by  the  major  oceanic 
currents,  The  changes  permit  profound  modification  of  the  acoustical  field 
via  interactions  such  as  the  trapping  or  ejection  of  rays  from  surface  or 
secondary  sound  channels. 

A  control  form,  "Ray  Trace  Data  Search  Specifications,  11  is  shown 
in  Fig.  7  and  this  is  used  to  initiate  data  selection  from  available  data 
banks. 

1.3,  Ray  Tracing 

Figure  8  gives  the  control  form  for  the  "Ray  Trace  Program 
Operating  Specification's.  "  The  form  is  used  to  specify  the  initial  conditions 
for  the  ray  tracing  iteration  and  also  to  select  parameters  that  control  the 
accuracy  and  computational  speed  of  the  program.  For  a  given  source 
depth  and  initial  angle  the  ray  is  traced  in  the  velocity  field  and  in  con¬ 
junction  with  the  bottom  profile  prepared  previously.  Usually  a  range  of 
initial  angles  is  specified  together  with  an  angular  increment  and  the  ray 
trace  is  repeated  for  each  increment  until  the  entire  angular  spectrum  has 
been  traced. 
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Figure  9  indicates  a  printout  that  is  available  for  each  ray  traced. 


Range,  depth,  angle,  travel  time,  and  height  above  bottom  are  printed 

it,  A  Vs  a4  i  A  V*.  aJ  it.  y>  4  A,  tA  1  A*-  pi  A  ^  !  A  4  A  it,  A,  ^  rA  At*  ^  n  «  At  f  it,  A  •#  n  *  *  Vs  a  it  M  At  A  ts 

MAI  LAAM  uOtlOm,  ClAiVA  LIAM  LMp  piut.  UCplVLO  lilC  px  Ugi  COO  M  A  LI  1  O  A  Cl  y  M  V*  A  A 

the  surface  and  the  bottom.  Printout  intervals,  typically  1.0  or  2.0 
miles,  are  selected  and  extra  printouts  are  given  at  each  turning  point 
and  surface  or  bottom  hit. 


An  objective  of  the  program  is  to  determine  the  principal  arrival 
structure  that  constitutes  far  field  illumination.  The  angular  increments 
are  chosen  small  enough  so  that,  insofar  as  possible,  each  arrival  is  well 
defined.  In  practical  situations  this  usually  requires  from  one  hundred  to 
two  hundred  rays  or  more.  Summary  information  of  the  total  field  is  ob¬ 
tained  by  compiling  the  data  from  the  individual  ray  tracings  on  an  output 
tape  to  produce  multiplot  data  or  data  for  the  intensity  calculations  dis¬ 
cussed  in  Chapter  IV.  Figures  10a  through  lOd  indicate  the  build-up  of 
the  total  field  by  the  various  rays  from  the  source.  To  reduce  confusion 
in  this  representation  of  the  field  patterns,  each  plot  is  limited  to  a  maxi¬ 
mum  number  of  30  rays. 

More  specific  data  are  given  in  the  Ray  Depth  Distribution  Plot  of 
Fig.  11.  These  plots  can  be  obtained  at  every  range  that  is  also  a  print¬ 
out  interval  of  the  ray  trace  program.  The  sequence  of  the  plot  is  in 
terms  of  the  angular  increments  used  in  the  ray  trace  and  the  asterisks 
show  the  depth  of  that  ray  at  the  selected  range.  A  ray  will  be  oscillating 
in  depth  about  that  range  {Fig.  9)  and  the  maximum  and  minimum  depths 
of  the  oscillations  that  occur  about  the  printout  range  are  indicated  bv  the 
plus  and  minus  signs  in  Fig.  11a.  The  extreme  right-hand  side  oi  the 
figure  plots  the  travel  time  for  each  ray. 

It  is  clear  that  if  a  vertical  line  is  drawn  in  Fig.  11,  representing 
a  given  depth  between  the  surface  and  the  bottom,  the  line  will  intersect 
certain  families  of  rays  and  each  intersection  will  give  a  different  arrival 
that  can  contribute  to  the  acoustic  field.  In  this  figure  the  shallower 
angles  correspond  to  sound  duct  propagation  and  the  steeper  angles  repre¬ 
sent  RSR  and  bottom  bounce  propagation. 
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1.4.  Intensity  Calculations 

Figure  12  is  the  control  form  for  the  "Ray  Trace  Intensity 
Calculations"  and  indicates  a  number  of  parameters  that  are  included 
in  the  calculation  such  as  wavelength,  attenuation  functions,  source  and 
receiver  directivity  functions,  etc.  These  are  described  in  Chapter  IV. 
It  is  a  feature  of  the  calculations  that  intensity  is  determined  as  a 
probability  distribution  that  is  obtained  by  mapping  the  arrival  structure 
depicted  in  Fig.  11  across  the  ocean  depth  at  a  given  range.  This  per¬ 
mits  a  calculation  of  the  intensity  at  a  given  range  and  depth,  and  there¬ 
fore  the  transmission  loss.  It  also  determines  the  distribution  of  in¬ 


tensity  in  depth  as  the  sound  propagates  between  the  confining  sea  surface 
and  bottom  planes  of  the  ocean. 

All  such  calculations  are  subject  to  uncertainties  in  the  input  data 
and  must  be  interpreted  as  averages  over  "representative"  data.  Addi¬ 
tional  averaging  is  necessary  to  account  for  the  fluctuations  that  are  due 
to  multipath  structure.  In  a  coarse  differentiation  corresponding  to 
limiting  physical  situations,  the  intensity  calculations  have  been  classified 
into  three  types,  only  two  of  which,  types  II  and  III,  are  considered  for 
long-range  propagation. 

The  T /pc  II  intensity  calculation  is  applicable  where  the  depth 
distribution  of  acoustical  intensity  will  change  with  range.  Figure  13 
shows  a  printout  that  gives  the  transmission  loss  calculated  at  twelve 
depths  and  for  nineteen  equally  spaced  range  intervals,  usually  two-mile 
increments,  that  are  centered  on  a  given  range.  These  data  could  be  used, 
for  example,  to  construct  the  predicted  transmission  loss  to  a  given  re¬ 
ceiver  from  a  source  that  is  towed  in  range  at  a  specified  depth.  Suc¬ 
cessive  outputs  of  the  type  of  Fig.  13  can  be  continuously  plotted  to  give 
the  transmission  loss  as  a  function  of  range  in  the  form  of  Fig.  14. 


When  the  input  data  becomes  uncertain,  and  at  very  long  ranges 
such  that  convergence  zone  structure  is  "washed  out,  "  it  becomes 
preferable  not  to  predict  the  range-dependent  Type  II  transmission  losses 
but  instead  to  average  these  over  a  large  range  interval  that  would  cor¬ 


respond  to  a  convergence  zone.  For  this  limit  of  averaging  a 


transmission  loss  is  calculated  with  the  printout  shown  in  Fig.  15.  The 
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calculation  is  based  on  a  representative  range  R  and  takes  the  form  of 
a  depth  distribution  uf  transmission  loos  in.  which  every  fay  that  is  traced 
can  make  a  contribution  provided  the  ray  has  not  suffered  so  great  an 
attenuation  prior  to  range  R  that  it  has  been  terminated  earlier  in  the 
program. 

It  is  not  the  function  of  this  report  to  undertake  detailed  compari¬ 
sons  of  the  data  computed  by  these  programs  with  specific  experimental 
results.  However,  as  an  indication  of  the  ability  of  the  program  to  pre¬ 
dict  acoustical  transmission  using  realistic  oceanographic  environmental 
data,  the  predicted  curve  of  Fig.  14  may  be  compared  with  Fig.  16  which 
gives  a  transmission  loss  measured  by  A.  N.  Guthrie  and  J.  D.  Shaffer 
during  a  summer  1967  tow  of  a  13.  33  Hz  projector  over  the  Hatteras  Plain, 
Velocity  profile  input  data  were  obtained  at  approximately  30-mile  inter¬ 
vals  using  Sippican  X-BT  casts  to  750  meters  and  deep  velocimeter  casts 
were  obtained  at  the  end  points  of  the  tow.  The  bottom  profile  was  taken 
from  the  PFR  records  of  the  towing  ship  (USNS  J.  W.  Gibbs).  The  trans¬ 
mission  was  monitored  from  the  USNS  Mizar  by  a  sonobuoy- suspended 
hydrophone  at  a  depth  of  100  meters.  The  depth  of  the  towed  projector 
was  30  meters. 

The  velocimeter  casts  indicated  a  strong  thermocline  to  the  sur¬ 
face  from  a  depth  of  150  meters  with  a  roughly  isothermal  layer  of  about 
200  to  250  meters  below  the  thermocline.  The  latter  layer  strongly  af¬ 
fected  the  transmission,  acting  as  a  partial  sound  channel.  The  experi¬ 
mental  data,  obtained  from  digitized  records,  are  based  on  an  intensity 
average  taken  over  a  2-mile  range  interval. 

The  agreement  between  experiment  and  theory  is  partially 
fortuitous  because: 

i)  application  of  ray  theory  to  the  very  low  13.  33  Hz 
frequency  is  questionable,  and 
ii)  the  bottom  reflectivity  loss  function  used  in  the  calcu¬ 
lation  is  an  extrapolated  estimate. 

Nonetheless,  this  and  other  comparisons  that  have  been  made  with  ex¬ 
periments  are  highly  encouraging;  they  also  indicate  that  the  details  of  the 
transmission  loss  vs  range  plots  are  highly  sensitive  to  specific 
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features  of  the  input  data,  e.  g.  ,  horizontal  gradients  and  certain  types 
of  bottom  features,  and  that  these  must  be  included  in  any  realistic 
predictive  model. 

The  examples  of  Figs.  1  through  15  serve  as  an  introduction  to 

tVi  nroot*»vn  TV-1  i  n  H  i  r  a  t  f  1  rrtmniifafirtnal  o  +V-»  4-  i  o  rnnui  -*•»-»  ,-J 

*  l'**-t5*  — *  '  ~  7  - -  “  “  “  V  *  i  vl^ui  1  uu 

to  obtain  a  reasonably  complete  description  of  a  sound  field  that  may 
contain  twenty  to  thirty  arrivals  or  more,  and  also  to  estimate  the  distri¬ 
bution  of  these  arrivals  with  depth  at  given  ranges.  With  the  GE-235 
computer  available  to  the  Laboratories,  a  program  extending  to  a  1000- 
mile  range  that  computes  ZOO  rays  will  require  about  10  to  15  hours  for 
the  ray  tracing  itself  plus  about  two  hours  for  associated  plots  and  in¬ 
tensity  calculations.  With  a  modern  higher  speed  computer  and, 
admittedly,  with  technical  improvements  in  programming  it  is  estimated 
that  the  computational  time  could  be  cut  to  one-fiftieth  to  one-hundredth 
of  the  present  running  time.  Features  of  the  present  program  that  are 
discussed  in  detail  in  subsequent  chapters  of  this  report  include: 

i)  a  capacity  for  the  inclusion  of  mixtures  of  all  types  of 
velocity  profiles,  e.  g.,  surface  BT  casts,  deep  Nansen 
casts,  etc.,  to  obtain  as  precise  a  construction  of  th  ; 
velocity  field  as  the  data  permits, 

ii)  the  inclusion  of  horizontal  gradients,  earth1  s  curvature 
corrections,  and  available  bottom  data  in  a  straight¬ 
forward  manner, 

iii)  a  capability  for  "trading-off"  computational  accuracy  in 
terms  of  shorter  computer  running  times  according  to 
the  nature  and  reliability  of  the  input  data  and  the  type  of 
calculation  desired. 

Separate  experimental  studies  in  long-range  acoustical  propaga¬ 
tion  (not  reported  here)  have  shown  that  the  horizontal  gradients  and  at 
least  a  limited  number  of  bottom  interactions  must  be  included  to  obtain 
agreement  between  predictive  models  for  the  sound  transmission  and 
experimental  data,  especially  at  low  acoustical  frequencies.  As  a 
generalization,  the  bottom  interactions  that  are  most  important  for  long- 
range  propagation  are  of  three  types: 
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i)  the  terrain  local  to  a  source  that  can  either  augment 
the  ray  field  by  slope-aided  rays  that  propagate  to  the 

far  uclu  vj  r  tan  dilcnudlc  Lite  field  liy  Ouoti  uCiii'ijj  maiiy 

rays  that  could  otherwise  propagate, 

ii)  prominent  rises,  e.  g,,  seamounts  or  ridges,  at  inter¬ 
mediate  ranges  that  obstruct  the  ducting  of  the  sound 
energy,  and 

iii)  terrain  at  the  farthest  ranges  that  can  obstruct  the  sound 
by  additional  terrain  shadowing  or,  conversely,  can 
create  "hot  spots"  due  to  favorable  slopes. 

The  sound  paths  and  bottom  interactions  shown  in  Fig.  17  are 
typical  of  physical  conditions  that  prevail  in  the  real  ocean  and  represent 
the  type  of  propagation  toward  which  the  present  program  is  directed. 

The  source  is  located  on  a  bank  at  range  zero.  The  sound  energy  spreads 
hemispherically,  neglecting  bottom  propagation,  to  a  near  range,  R^  , 
but  during  this  propagation  the  steep  rays  interact  strongly  with  the  bottom 
so  that  only  a  fraction  r]  of  the  source  power  radiates  outwardly  beyond 
Rj  and  the  fraction  ( 1  --n)  is  lost  to  the  bottom.  The  propagation  to 
range  R^  acts  like  a  filter  that  eliminates  all  but  the  shallow  angles. 

If  the  bottom  is  deep  between  ranges  Rj  and  a  further  range  R^  , 
almost  all  of  the  rj  fraction  of  the  source  power  propagates  as  cylindrical 
spreading  with  very  little  decrease  in  the  value  of  r|  ,  An  intervening 
obstruction  at  range  R^  will  cause  a  further  filtering  of  the  ducted  energy 
and  will  produce  a  distinct  decrease  in  -q  to  a  value  r/  after  which  the 
power  will  again  spread  cylindrically  with  a  nearly  constant  fraction  r\' 
Finally,  if  there  is  an  interaction  with  the  bottom  at  range  R^  ,  there 
will  be  a  further  attenuation  in  the  power;  however,  low-angle  reflections 
from  a  slope  at  can  give  an  increase  in  the  intensity  observed  at 

certain  depths  at  the  range  of  R^ 

The  frequent  observations  of  nearly  ideal  cylindrical  spreading 
from  intermediate  to  long  ranges  give  such  a  model  a  strong  empiric  basis 
as,  at  least,  a  good  approximation  for  cylindrically  spreading  waves.  Also, 
the  fractions  q  can  be  measured  in  given  ocean  regions  if  the  total  in¬ 
tensity  that  propagates  throughout  the  full  depth  of  the  ocean  can  be  measured. 
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The  present  program  attempts  a  predictive  model  of  such 
acoustical  transmission  with  special  concentration  on: 

i)  the  intensity  distribution  in  depth  and  as  a  function  of 
range  of  source  and  receiver, 

ii)  prediction  of  the  loss  fraction  r[  as  a  function  of  the 
depth  of  the  source,  the  prevailing  bathymetry,  and  the 
dominant  velocity  field, 

iii)  the  effect  of  changing  velocity  profiles  which,  by  their 
change  through  ocean  regions,  contract  or  expand  the 
duct  that  controls  the  cylindrical  spreading  of  the  sound 
field. 

Reference  for  Chapter  I 

1.  W.  D.  Wilson;  J.  Acoust.  Soc.  Am.  23,  10,  1357  (1960). 
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Fig.  3.  Great  circle  computed  along  ray  path  at  25  n.m.  increments. 
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VELOCITY  DATA  SEARCH  PROGRAM  -  R,D,  MININGHAM  lA-173-Fl) 
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Fig.  4.  References  to  velocity  profiles  stored  on  NODC  tapes.  Selection 
was  made  by  program  A.-173-F1  according  to  the  indicated  criteria. 
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Fig  5  Velocity  profile  plotted  in  a  standard  format.  This  profile  was 
extrapolated  from  a  depth  of  5277  meters. 
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Fig.  6.  A  multiplot  of  the  profile  differences  of  10  profiles  (B-K)  as 
compared  to  profile  A. 
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BUDS'*  LABORATORIES  OP  COLOMBIA  DIVERSITY 
ANALYSIS  DEPARTMENT  DATA  PLOW  SYSTEM 
SENIOR  9CIWT1ST  HAY  TRACE  REQUEST  TOKB-  rani  l 


Ray  tract  number 
Senior  joienfclst 


__  Operation. 


leg  min  sec 


leg  a In  sec 


1,  Ray  path  (answer  either  a  or  b) 

a.  Beg  In  ins  position «  Latitude  - -  Longitude  .  ’ 

(origin)  deg  aln  sec  mln  sec 

Ending  position i  Latitude  _  Longitude  - 

B  F  deg  aln  see  deg  min  see 

b.  Begining  position i  Latitude  - - -  Longitude  . 

(origin)  deg  min  sec  deg  aln  see 

Initial  bearing  (deg)i__ _ • 

Pinal  range  fw-m-^i  - • 

Ray  path  printout  Increment  (n.m.)i - 

2.  Maximum  width  of  relocity  data  xone  (n.m. ) », . . . . • 

3.  Acceptable  months  for  relocity  datai - - 

4.  Acceptable  years  for  relocity  datai - - - - - 

5.  Minimum  acceptable  sample  depth  for  published  relocity  dates - __ 

6.  Bottom  ocntour  increment  (fathoms)  i - - - •* 

7.  Indicate  below  experimental  relocity  and  bottom  data  that  are  to 
be  usedj  indicate  operation  numbers,  dates,  locations,  etc. 


Fig.  7.  Ray  trace  request  form  used  to  specify  the  data  that  are  to  be 
used  in  the  Ray  Trace  Program. 
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mmnoN  rji fuwataw  t*<*  nm  mrjmnri  imtvmattv 
ANALYSIS  DEPARTMntT  DATA  PLOW  SYSTEM 
SENIOR  SCIENTIST  RAY  TRACE  BSQUBST  FORM-  PART  2 


Ray  traoe  nuaber 
Senior  Scientist 


Operation 


m  T  W  -  «•)  j'  • »  W  d  I*)  4  i  t*' .  V  40 ;  FI 


1.  Initial  depth  of  ray  (at  range  0) i 

a.  Give  depth  fre*  eurfaoe  (aetere)i  i  oi 

b.  Cheok  If  on  bottoai  . 

2.  Maxima  Iteration  lnereaent  (aetere)i  . 

3.  Mini eua  Iteration  Increment  (meters) i  . 

4.  Required  aoouraoy  for  predicting  Telocity  fields  (a/eeo)  i. 

5»  Maxlaua  nuaber  of  allowed  eurfaoe  hltei  . 

6.  Maxlaua  nuaber  of  allowed  bottoa  hltei  _ . 

7.  Maxlaua  allowed  gracing  angle  (degrees)  i _ . 

8.  Pinal  range  of  ray  trace  (nautical  allee)  • _ _ 

9.  Printout  lnoreaent  (nautloal  allee) i  . 

10.  Initial  angles  to  be  traoed  (degrees)  i  from _ to _ 


11.  Check  for  earth's  curvature  correction i  yes 

12.  Depth  for  the  extrapolating  paraaeter  beta  (aeters)i. 

13*  Other  lnforaatlcni  _ _ 


Fig,  8,  Ray  trace  request  form  used  to  specify  parameters  used  in  the 
Ray  Trace  Program, 
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Multiplot 


Fig.  11a.  Enlarged  section  of  Fig.  11.  The  maximum  and  minimum  depths  of  the 
oscillations  about  the  printout  range  are  indicated  by  the  plus  and  minus  signs.  The 
depth  of  the  ray  at  the  printout  range  is  indicated  by  an  asterisk.  "S"  indicates  the 
surface  and  "B"  indicates  the  bottom. 


HUDSON  LABORATORIES  OF  COLUMBIA  UNIVERSITY 
ANALYSIS  DEPARTMENT  DATA  PLOW  SYSTEM 
SENIOR  SCIENTIST  RAY  TRACE  REQUEST  PORM  •  PART  3 


ANALYSIS  SPECIFICATIONS 


t«y  tract  nuabsr  RT  Analytic  Specifications  Page  2. 

Ill,  TYPE  II  INTENSITY  CALCULATION 

1,  Swu§«i  (rwuticai  VL1VIJ  * 

a.  Initial  range  __________  jrti-h  calculation  every 

k.  or,  specify  ranges 
£.  Depths  for  calculation  (asters) : 

S.  Wavelengths  for  calculatlen  (aetert):  ___________ 

A.  Bottoa  lots: 

a.  Check  if  seat  as  for  hay  Depth  Distribution  Plot_ 

b.  Specify  function  vlth  three  parameters : _ 

3.  Surface  lose 

a.  Check  If  aaaa  as  for  Ray  Depth  Distribution  Plot: 
h.  Specify  function  vlth  three  paraasters; 


or, 


or, 

or, 


Fig.  1Z  (b). 


6.  Source  Directivity  Function 

a.  f  •  1,  or 

h.  f  -  H  SIN2  (  -*r  *  SIN  v)  ,  OSzSr*  •  r  (Integer) _ 

c.  Specify  function; 

7.  Receiver  Directivity  Function 

a.  s  "  1,  or 

b«  i  •  4  SIN2  (  -2J-  z  SIN  <p)  ,  OSzSf*  X  ,r'  (integer), 
c.  Specify  function: 

S.  Distribution  Density  Function 

%»(*-*«)  “  —  - - ^ - * - x- 

*•  •  ”8  1  (P(z-2j)/zb)2  F“- 

p  rp(z-z,)!2 

*.  .(Mj)  .  _L_  E,p  [  __J.  J 

9.  N  •  voter  of  raya  (1W°M* ) _ t 
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Kay  tract  nuabtr  RT _  Analytic  Specification*  Past  3. 

IV.  TYPE  Ill  INTENSITY  CALCULATION 

1.  N  •  number  of  raya  (180°/A<p  )  ♦ 

2.  M  »  nuabtr  of  depth  Interval*  _ (int**er). 

3.  Wavelength*  (meter* ): 

4.  Ctnttr  rangta  for  calculation  (n.a.) 


5.  Lota  and  directivity  function*: 

a.  Check  If  aame  aa  for  Type  II  Intenalty  Calculation _ or, 

/ 

b.  Specify  function*: _ _ _ 


V, 


OTHER  INSTRUCTIONS 


— H4XC _ .V12 _ K-l« 

5217.4  521C.1  _.  521a. ft 


-  .  —Ctt 
•■'c.jh 

-9.  .»j7 
-»« .»S7 


9j.45< 


■.ice  .qi5. 
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Fig.  14.  Transmission  loss  curve  calculated  from  ray  tracings  based  on  data 
taken  in  Hudson  Laboratories  Operation  251. 
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Fig.  15.  Type  III  intensity  calculation  printout. 
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Fig.  16.  Experimental  transmission  loss  curve  for  Operation  2i>l 
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CHAPTER  II 


DATA  INPUTS  AND  PROGRAM  ORGANIZATION 

2.1.  Introduction 

This  chapter  of  the  report  is  concerned  with  the  selection  and  pre¬ 
paration  of  data  inputs  which  are  used  to  construct  the  velocity  field  and 
bottom  profiles  for  the  Ray  Trace  Program.  In  application,  the  program 
must  be  able  to  accept  data  from  many  different  sources,  and  for  this 
reason  it  was  necessary  to  develop  a  series  of  programs  into  a  data  flow 
system.  The  specific  programming  details  of  the  system  are  not  given 
in  this  chapter,  but  only  the  basic  principles  upon  which  the  system  was 
designed. 

2.  2.  Data  Flow  System 

Over-ail  objectives  in  the  data  flow  system  have  been  on: 

1)  Flexibility 

2)  Speed  of  data  assembly 

3)  Error  detection 

4)  Documentation 

2.2.1.  Flexibility 

Applications  of  the  ray-tracing  program  have  ranged  from  time 
calculations  over  a  short  path  with  data  printouts  every  tenth  of  a  nautical  mile, 
to  estimates  of  transmission  loss  using  relatively  crude  input  data  with 
data  printouts  at  widely  separated  ranges.  The  source  of  the  data  varies 
from  program  to  program  and  all  data  must  be  reduced  to  common  formats. 

The  data  flow  system  has  been  designed  to  accommodate  as  many  types  of 
inputs  as  possible. 

2.  2.  2.  Speed  In  Data  Assembly 

Speed  in  assembling  data  is  accomplished  by  having  the  computer  do 
most  of  the  necessary  reduction  procedures.  The  output  of  one  program  is 
the  input  to  another  program  and  thus,  once  having  entered  the  system, 
there  should  be  no  further  need  to  manipulate  data  by  hand.  Time  is  also 
saved  by  having  the  computer  print  out  a  variety  of  visual  displays  and 
plots  of  data,  which  are  formated  for  use  in  reports.  A  number  of  forms 
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(data  reduction  sheets)  have  also  been  developed  to  effect  with  ease  the 
initial  entrance  ol  data  which  are  not  on  a  medium  that  is  readable  by  the 
computer,  i.e.,  card  or  tape,  into  the  system.  Data  from  any  source 
can  be  written  on  forms  and  punched  on  cardB  for  special  entries. 

2.2.3.  Error  Detection 

Every  program  checks  data  for  consistency  and  physical  impossi¬ 
bilities,  e.g.  ,  successive  range  entries  must  increase  in  magnitude  and  it 
is  impossible  to  have  negative  depths.  This  eliminates  gross  accidental 
errors  in  the  final  data  package  but  final  validation  depends  on  editorial 
review  by  a  scientist  as  to  the  acceptability  of  the  input  data. 


2.  2 .  4 .  Documentation 

Every  reduction  procedure  that  is  performed  on  the  data  is  documented 
by  printouts  which  are  labeled  to  allow  cross  referencing  of  its  information 
with  the  original  source  or  other  data  reduction  printouts.  Many  of  the 
printouts  are  self-explanatory  and  can  be  copied  for  use  in  reports  without 
long  explanations. 

2.  3.  Program  Management 

The  first  stage  of  the  data  flow  system  funnels  data  from  the  various 
sources  into  one  package  (a  card  deck)  for  the  ray  calculations.  The  second 
stage  calculates  the  ray  paths,  and  the  third  stage  analyzes  data  based 
on  the  ray  paths  to  give  intensity  calculations,  distribution  plots,  etc. 

The  three  stages  of  the  data  flow  system  are  directed  by  the  scientist 
with  the  use  of  three  forms.  The  intent  of  these  forms  is  as  follows. 

(1)  Data  search  specifications,  Fig.  7.  This  form  specifies  the 
acoustical  path  and  its  length,  requests  searches  for  velocity  field  and 
bathymetric  data,  references  actual  experimental  data  that  would  be  appli¬ 
cable,  and  indicates  the  accuracy  that  is  required  for  the  data  inputs. 

(2)  Program  operating  specifications,  Fig.  8.  This  form  details 

the  functions  and  the  parameters  that  are  to  be  used  in  the  Ray  Trace  Program. 
Program  accuracy  is  implicitly  controlled  by  specifications  on  this  form, 
e.g.  ,  the  maximum  iteration  increment,  the  required  accuracy  for  pre¬ 
dicting  the  velocity  field,  and  the  number  and  initial  angles  of  rays  used 
in  estimating  a  ray  probability  distribution. 
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(3)  Analysis  specifications,  Fig.  12.  This  form  controls  the 
selection  of  various  printout  or  plot  options  that  are  available  and  also 
specifies  physical  data  such  as  bottom  attenuation  functions  or  directivity 
functions.  The  mnne  commonly  used  ray  trace  analysis*  routines  have 
been  programmed  and  are  immediately  available.  They  are: 

a)  Type  II  Intensity  Calculation 

b)  Type  III  Intensity  Calculation 

c)  Ray  Depth  Distribution  Plot 

d)  Multi-Plot  of  Rays 

e)  Transmission  Doss  vs  Range. 

At  this  stage,  the  scientist  may  also  request  a  special  program  to  be 
written  which  would  analyze  the  results  of  the  Ray  Trace  Program  in  some 
unique  manner. 

The  description  and  the  effects  of  various  parameters  used  in  the 
forms  can  be  found  in  the  appropriate  chapters  of  this  report.  This  chapter 
specifies  the  use  of  the  first  form  and  affords  some  information  on  the 
second,  Figs.  7  and  8.  The  flow  diagram  in  Fig.  1  shows  the  data  process¬ 
ing  channels  of  the  data  flow  system  and  provides  an  outline  for  this 
chapter. 

2.  4  .  Ray  Path  Specifications 

A  ray  trace  path  may  be  specified  as: 

(1)  Between  two  positions  each  located  by  their  latitude  and 
longitude,  or 

(2)  An  initial  position,  initial  bearing,  and  a  final  range. 

In  either  event,  track  information  is  developed  at  specified  range 
intervals  along  a  great  circle  as  in  Fig.  18. 

2.5.  Sources  of  Sound  Velocity  Profile  Data 

Primarily,  the  -ounu  velocity  profile  data  that  are  used  to  con¬ 
struct  the  velocity  field  will  come  from  three  sources: 

(1)  National  Oceanographic  Data  Center.  NODC  has  compiled 
physical  and  chemical  data  from  more  than  300,000  oceanographic 
stations  located  throughout  the  world.  Hudson  Laboratories  has  references 
to  all  these  stations  and  the  data  for  the  majority  of  them.  Velocity 
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profiles  are  immediately  available  for  the  Pacific  Ocean  and  for  much  of 
the  Atlantic  (Fig.  19)  and  information  for  the  other  areas  can  be  obtained 
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profiles  in  the  North  Atlantic  that  are  deeper  than  1,  950  meters  is  shown 
in  Fig.  20,  and  Fig.  21  shows  the  distribution  in  the  month  of  December. 

(2)  Published  Data  from  other  than  NODC.  The  Hudson 
Laboratories  library  receives  "data  publications"  from  many  oceanographic 
institutions  during  a  year.  All  the  publications  that  contain  information  on 
the  temperature,  salinity,  or  sound  structure  of  an  area  are  indexed  with 
respect  to  geographical  location.  Atlases,  technical  reports,  and  any  other 
published  information  which  could  be  helpful  in  the  construction  of  the 
velocity  field  are  also  indexed  in  this  manner. 

(3)  Hudson  Laboratories  Experiments.  Experiments  that 
include  velocimeter,  X-BT,  or  BT  data  taken  along  the  total  length  of 

the  acoustical  path  will  allow  the  construction  of  the  best  possible  velocity 
field.  Even  a  partial  experimental  coverage  of  the  path  is  a  help  in  the 
selection  of  the  most  appropriate  information  from  published  data.  Experi¬ 
mental  data  can  be  combined  with  published  velocity  profiles  with  prudence; 
i.  e.  ,  one  can  take  the  upper  portion  of  the  profile  as  that  of  a  shallow  BT 
cast  but  use  published  data  to  represent  more  stable,  deeper  profiles. 


2.  6.  Selection  of  Velocity  Profile  Data 

The  data  flow  system  is  grouped  into  sub- systems .  Some  of  these 
assist  in  the  selection  of  velocity  data  from  large  sources  such  as  NODC 
and  the  Hudson  Laboratories  library  where  it  would  be  difficult  to  retrieve 
information  without  a  predefined  procedure.  The  major  criteria  for 
selection  are: 

(1)  Proximity  to  a  designated  ray  path 

(2)  Month  or  season 

(3)  Maximum  Depth  of  Observation  (MDO). 


2.6.  1  .  Proximity 

There  is  a  maximum  distance  from  a  ray  path  such  that  velocity 
profiles  which  lie  within  the  area  determined  by  the  ray  path  and  a  data  zone 
width  are  considered  acceptable.  This  area  is  called  the  "velocity  profile 


-34- 


data  zone."  The  NODC  Data  Search  Procedure  (Fig.  22)  generates  this 
zone  by  first  computing  the  great  circie  between  the  beginning  and  end 
point  of  the  ray  path  (Fig.  18)  and  then  computing  Marsden  Squares 
(1  degree  areas)  that  lie  in  its  path  and  on  each  side  of  it,  out  to  the 
designated  maximum  distance  (Fig.  23). 

2.6.2.  Season 

Profiles  are  also  classified  and  searched  for  according  to  months 
to  permit  the  selection  of  profiles  which  will  reflect  seasonal  characteristics 
of  an  area  (Fig.  24). 

2.6.3  -  Maximum  Depth  of  Observation 

A  minimum  of  two  deep  profiles  are  needed  to  construct  the  velocity 
field.  They  are  used  at  the  beginning  and  at  the  end  of  the  ray  path  and 
should  have  a  maximum  depth  of  observation  (MDO)  for  which  the  water 
temperature  and  salinity  have  become  constant. 

After  a  general  selection  of  profiles  has  been  made,  it  is  the 
responsibility  of  the  scientist  to  investigate  each  profile's  finer  characteristics, 
e.g.  ,  the  year  in  which  the  profile  was  taken,  the  institution  which  conducted 
the  survey,  the  shape  of  the  profile  relative  to  other  data  being  used  in 
the  program,  and  other  factors  which  would  determine  its  application  for 
use  in  the  Ray  Trace  Program,  This  final  selection  constitutes  a  data- 
editing  review. 

2.  7  .Velocity  Field  Construction  Program 

Velocity  profiles  are  entered  in  the  Velocity  Field  Construction 
(VFC)  program  in  order  of  increasing  range  from  the  beginning  position 
of  the  ray  path  to  the  end  position.  Only  data  in  the  form  "depth  vs 
velocity"  are  used  in  the  program;  therefore,  it  is  necessary  to  convert 
information  that  exists  as  pressure,  temperature,  and  salinity  combinations 
to  this  form.  This  conversion  is  usually  done  prior  to  the  running  of  the 
program  by  a  sub- system  of  the  data  flow  system. 

The  first  step  in  constructing  the  velocity  field  is  to  extrapolate 
all  of  the  entered  profiles  to  a  depth  equal  to  the  deepest  bottom  point 
along  the  ray  path.  Two  types  of  profiles  are  recognized  for  this  procedure 
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and  are  treated  differently.  Profiles  are  tagged  "deep"  or  "shallow"  before 
they  enter  the  VFC  program  and  are  distinguished  by  the  following  definitions: 

(1)  Deep  profiles  have  a  MDO  at  a  depth  where,  with  further 
increase  in  depth,  significant  changes  in  temperature 
and  salinity  would  not  be  expected;  thus  the  velocity  at 
greater  depths  can  be  extrapolated  as  a  function  of 
pressure  alone. 

(2)  Shallow  profiles  have  a  MDO  at  a  depth  where,  with  further 
increase  in  depth,  changes  in  temperature  and  salinity 
could  be  expected,  and  these  changes  must  be  included 

in  the  calculation  of  velocities  at  greater  depths  (Fig.  25). 

2.7.1.  Profile  Extrapolation 

Deep  profiles  are  extrapolated  by  first  calculating  the  temperature 
at  its  MDO  and  then  using  this  temperature  in  Wilson's  equations  to  calcu¬ 
late  velocities  at  greater  depths.  The  salinity  is  considered  constant  at 
35  and  the  temperature  is  calculated  by  using  the  depth  and  velocity  at 
the  MDO  in  an  inverse  solution  of  Wilson's  equations,  Fig.  26. 

A  procedure  is  available  for  extrapolating  shallow  profiles  if  they 
have  two  bracketing  deep  profiles,  i.  e.  ,  a  deep  profile  at  a  range  greater 
than  the  shallow  profile,  and  a  deep  profile  at  a  range  less  than  the  shallow 
profile.  At  great  depths  the  velocity  values  of  the  shallow  profile  are 
calculated  by  linear  interpolation  with  respect  to  range  between  the  two 
deep  profiles.  Although  the  linear  interpolated  values  may  be  a  satis¬ 
factory  representation  of  the  true  velocity  structure  at  great  depths, 
these  values  will  usually  not  match  the  MDO  of  the  shallow  profile.  For 
this  reason,  an  adjustment  is  made  between  the  MDO  of  the  shallow 
profile  and  a  much  deeper  depth  to  insure  that  the  interpolated  profiles 
will  be  continuous.  The  depth  (3  is  chosen  as  the  (arbitrary)  depth  at 
which  linear  interpolation  between  the  deep  profiles  is  permissible, 

Figs.  25  and  27. 

Figure  27  is  a  schematic  illustrating  the  extrapolation  procedures 
for  deep  and  shallow  profiles.  Parts  of  the  schematic  have  been  exag¬ 
gerated  for  the  purpose  of  clarity  and  it  should  not  be  considered  to  represent 
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proper  proportion.  The  interpolation  and  extrapolation  formulas  are 
given  in  Fig.  25  and  an  example  of  extrapolated  profiles  is  given  in 
Table  5.  3.  1. 

2.  7.2  .Curvature  and  Gradient  Tala 

The  second  step  in  the  Velocity  Field  Construction  Program  is  the 
calculation  of  curvature  and  gradient  parameters  for  all  the  depths  of  a 
profile  where  there  is  a  value  for  the  velocity  that  is  either  given  as  input 
data  or  calculated  by  one  of  the  foregoing  extrapolation  procedures.  A 
modified  4- point  interpolation  is  used  between  listed  points  on  the  profile; 
thus,  the  vertical  velocity  structure  can  be  completely  defined  at  the  range 
of  the  given  profile.  The  formulas  for  calculating  the  curvature  and 
gradient  are  given  in  Fig.  28.  The  modified  4- point  interpolation  pro¬ 
cedure,  also  known  as  the  "Special  4-point  fit,  "  is  a  weighted  average 
of  two  3- point  parabolic  fits. 

Only  the  curvature  and  gradient  parameters  at  data  points  are 
calculated  in  the  VFC  program  and  entered  on  the  data  input  tape.  The 
interpolation  of  velocities  and  derivatives,  vertically  and  horizontally, 
is  done  directly  in  the  Ray  Trace  Program  (Chapter  III),  using  the  expansions 
of  Fig.  28  in  depth  and  linearly  interpolating  all  the  parameters  in  range 
between  the  ranges  of  successive  velocity  profile  entries,  The  result  of 
this  field  composition  is  the  set  v(R,  z),  Z(R,z),,  D(R,z),  and  G(R,  z) 

defined  continuously  over  the  range  R  and  the  ocean  depth  z  ,  and  these 
are  used  in  a  Taylor  expansion  of  the  velocity  from  any  point  as  discussed 
in  Chapter  III,  Eq.  (3). 

2.  8.  "Four- Point"  Fits 

There  are,  of  course,  many  types  of  4-point  fits  for  estimation  of 
the  trend  of  a  function  between  discretely  entered  data  points.  The  selection 
of  the  special  4-point  fit  used  in  the  present  program  was  guided  by  its 
relative  simplicity  and  by  the  fact  that  it  gave  a  smoother  approximation 
than  alternative  fits  which  could  permit  very  large  local  curvatures.  To 
illustrate  this,  Fig.  29  gives  a  comparison  of  the  effect  of  a  single  displace¬ 
ment  from  an  otherwise  constant  function  according  to  fits  obtained  by: 
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i)  linear  interpolation 

ii)  Lagrange  4-point 

iii)  Bedford  institute  4- point 

iv)  Special  4- point. 

The  Bedford  Institute  method  has  been  tested  and  adjusted  for 
optimum  agreement  with  experimental  data.  See  Fig.  30  for  formulas 

2.  9.  Sources  of  Bottom  Data 

The  horizontal  bottom  profile  along  the  ray  path  has  proved  to  be 
an  important  factor  in  ray  trace  programs.  Geological  features  such  as 
seamounts  or  banks  can  totally  obstruct,  partially  attenuate,  or  redirect 
rays  as  they  travel  along  paths  determined  by  the  velocity  field. 

Primarily  the  data  for  constructing  the  bottom  profile  will  come 
from  two  sources: 

(1)  Published  charts.  The  USN  Oceanographic  Office  has 
published  BC  (bottom  contour)  charts  that  cover  most 

of  the  world's  oceans.  Foreign  countries,  e.g.  ,  Russia, 
Germany,  Great  Britain,  etc.,  also  publish  charts  with 
bottom  contours.  Charts  depicting  the  detailed  structure 
of  a  small  area  are  often  found  in  technical  reports. 

(2)  Research  Experiments.  As  was  true  with  velocity  data, 
the  best  source  of  bottom  data  comes  from  bathymetric 
surveys  along  the  ray  trace  path. 

2.9.1*  Bottom  Profile  Construction 

The  Ray  Trace  Program  presently  reads  bottom  data  in  the  form 
of  range  vs  depth,  which  is  usually  obtained  in  the  following  manner: 

(1)  The  ray  path  is  plotted  on  the  appropriate  BC  charts, 
and  then 

(2)  The  distance  from  the  beginning  position  of  the  ray  path 

to  each  of  the  contours  that  cross  the  ray  path  is  calculated. 
This  distance  can  be  computed  by  having  a  printout  of 
the  great  circle  (Fig.  18)  which  lists:  range  vs  geographic 
position,  at  small  increments  (25  miles  or  less)  along 
the  ray  path.  The  ranges  for  contours  between  the  listed 
positions  can  then  be  read  graphically  from  the  BC  chart. 
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Contours  are  usually  read  at  100-fathom  intervals,  but  the  selection  of 
a  smaller  or  larger  interval  may  be  necessary  to  emphasize  special  features. 

The  P.ay  Trace  Frogri m  linearly  interpolates  between  input  points 
to  provide  a  continuous  trace  of  the  bottom.  This  fit  has  proved  reliable 
for  most  ray  traces;  however,  it  is  occasionally  desirable  to  have  a 
smoother  representation  of  the  bottom.  This  can  be  obtained  by  using 
a  3-  or  4-ooint  fit,  prior  to  running  the  Ray  Trace  Program,  to  generate 
additional  points  between  those  originally  listed.  This  procedure  should 
be  adopted  with  caution  and  used  only  in  an  area  where  one  has  an  intimate 
knowledge  of  the  geology  and  feels  that  the  smoother  bottom  is  closer  to 
the  actual  situation  then  the  linearly  interpolated  bottom  with  discontinuous 
slopes. 

2.10.  Inputs  to  the  Ray  Trace  Program 

At  this  point  in  the  data  flow  system  the  velocity  and  bottom  data 
can  be  combined  into  a  dai.a  package  for  the  Ray  Trace  Program.  Associated 
with  this  package  must  be  operating  instructions,  which  are  taken  from  the 
Ray  Trace  Request  Form  -  Part  2  (Fig.  8),  and  provide  the  following 
information  to  the  program: 

(1)  Initial  depth  of  the  rays  to  be  traced.  This  is  in 
reality  the  depth  of  the  sonic  source  or  receiver 
at  range  zero. 

(2)  The  initial  angles  to  be  traced.  Each  angle  in  the 
program  is  traced  separately  from  range  zero. 

(3)  Final  range  of  the  ray  trace. 

(4)  Printout  increment.  Information  concerning  the 
position  and  angle  of  the  ray  is  printed  at  any  desired 
increment  (usually  1  or  2  n.m.  )  along  the  ray  path. 

(5)  Iteration  parameters.  The  rays  are  traced  through 
the  velocity  field  by  computing  the  position  of  the  ray 
every  few  meters.  The  increment  at  which  the  ray 
path  is  computed  is  variable  and  depends  on  the  iteration 
parameters  selected  (Chapter  III  -  3.3).  These  para¬ 
meters  control  the  accuracy  with  which  the  ray  path  is 
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predicted:  smaller  the  iteration  increment,  the 

better  the  prediction  but  consequently  the  longer  the 
computing  time.  All  ray  traces  do  not  require  the 
same  accuracy.  A  balance  must  be  considered  between 
the  prediction  of  the  ray  path  and  the  accuracy  of  the 
data;  using  very  small  iteration  increments  will  not 
improve  the  quality  of  the  input  data  used  for  the 
velocity  field  or  the  bottom. 

(6)  Physical  parameters.  The  Ray  Trace  Program  accounts 
for  energy  losses  due  to  bulk  absorption,  bottom  hits, 
and  surface  hits.  The  attenuation  functions  that  are  used 
to  compute  the  losses  are  specified  as  inputs.  The 
computing  of  a  ray  path  is  terminated  when  the  accumulated 
loss  of  a  ray  meets  a  specified  maximum.  The  details 
of  these  procedures  are  described  in  Chapter  IV. 

The  operating  instructions  for  the  Ray  Trace  Program  are  entered 
separately  from  the  data  package.  Thus,  it  is  possible  to  run  different 
ray  traces,  i.e.  ,  different  specifications,  on  the  same  data. 

2.11.  Outputs  of  the  Ray  Trace  Program 

The  outputs  of  the  Ray  Trace  Program  are  a  printout  and  a  magnetic 
tape  with  numerical  values,  at  the  specified  printout  intervals  for  the: 

(1)  depth  of  the  ray, 

(2)  angle  of  the  ray  from  the  horizontal, 

(3)  accumulated  travel  time  of  the  ray,  and 

(4)  the  distance  to  the  bottom  from  the  depth  of  the  ray  (bottom 
difference). 

In  addition  to  the  record  of  this  information  at  the  specified  interval,  the 
program  prints  the  same  data  when  the  ray  hits  the  bottom,  hits  the 
surface,  or  the  angle  of  the  ray  is  zero.  A  plot  of  the  bottom,  the  surface, 
and  the  path  of  the  ray  accompanies  the  numerical  values  on  the  printout. 
Analysis  of  the  ray  trace  can  be  made  directly  from  the  printout 
or  by  other  computer  programs  that  are  capable  of  reading  the  Ray  Trace 
Program's  output  tape.  As  has  been  previously  mentioned,  there  are 
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standard  analysis  routines  that  have  been  programmed,  but  the  scientist 
is  at  liberty  to  develop  other  analysis  procedures  for  his  specific  purpose. 

2.12.  Conclusion 

It  has  been  the  intent  of  this  chapter  to  give  the  reader  an  over-all 
viewpoint  of  the  Ray  Trace  Program,  and  concepts  rather  than  operational 
details  have  been  presented.  Parenthetical  cross  references  to  other 
chapters  were  given  to  direct  the  reader  to  a  more  detailed  explanation  of 
the  topics  being  discussed.  The  Ray  Trace  Program  has  been  defined  as  a 
series  of  programs  and  procedures,  organized  into  a  data  flow  system  for 
advantages  in  speed,  accuracy,  and  flexibility  in  data  processing.  It  is 
believed  that  through  this  approach,  the  Ray  Trace  Program  will  have  its 
greatest  effectiveness  as  a  tool  for  the  acoustical  scientist. 
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Fig.  18.  Great  Circle  computed  along  ray  path  at  25  n.m.  increments. 


HUDSON  LABORATORIES  OF  COLUMBIA  UNIVERSITY 
ANALYSIS  DEPARTMENT  DATA  FLOW  SYSTEM 
RAY  TRACE  VELOCITY  DATA  SEARCH  PROCEDURE 


Ray  trace  data  search  specif lcat Ions : 

1.  Begining  and  ending  position  of  ray  path. 

2.  Ray  path  printout  increment. 

3.  Maximum  width  of  data  zone. 

4.  Acceptable  months  for  data. 

5.  Acceptable  yeari  for  data. 

6.  Minimum  acceptable  sample  depth  for  data. 


Fig.  22.  Flow  chart  of  the  Ray  Trace  Velocity  Data  Search  Procedure 
which  extracts  velocity  profiles  from  NODC  data  tapes. 
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Fig.  23  List  of  Marsden  Squares  calculated  along  a  ray  path 
output  of  Ray  Trace  Velocity  Data  Search  Procedure.  V  ? 


sample 
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VELOCITY  data  Search  PROGRAM  .  R,D,  MININGHAM  I A*1 73"F 1 I 
SPECIFICATIONS-  MDOo  1500 

MONTHS*  June 

maximum  range  from  ray  path*  5u#o 
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Fig.  24.  References  to  velocity  profiles  along  a  ray  path  for  the  month 
of  June.  Output  of  Ray  Trace  Velocity  Data  Search  Procedure. 


FYTRAPAiAT  I  DM  OF  SHAM  OW  PRr»FII_FS  RV  IKITFRPni_AT  I  Wft 
BETWEEN  TWO  DEEP  PROFILES 


vS(z)  -  VELOCITY  AT  DEPTH  z  OF  THE  SHALLOW  PROFILE. 


v  (MOO)-  VELOCITY  AT  DEPTH  MDO  OF  THE  SHALLOW  PROFILE. 
v£(Z)  -  VELOCITY  AT  DEPTH  z  OF  A  DEEP  PROFILE  AT  RANGE  1. 
vi+l/z)“  VELOCITY  AT  DEPTH  z  OF  A  DEEP  PROFILE  AT  RANGE  i+1. 


R" 

P 


-  RANGE  OF  THE  SHALLOW  PROFILE  WITH  R^SRS<Rp 

-  AN  ARBITRARY  DEPTH  PARAMETER. 


i+1 


.FOR  MDO<z<0. 
„S 


rs-rd 


(z)  -  vj(z)  +  ft  1  ft  Q  vf+l(z)  “  v?(z>  + 
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FOR  p  Si  z. 
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(z)  -  v°(z)  +  Rp  *rCi  Q?+1(0  -  v°(zf]  . 


'i+1  "i 


Fig.  25.  Formulas  for  the  interpolation  and  extrapolation  of  shallow 
profiles  by  interpolating  between  two  deep  profiles. 
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UATIONS 

GlVtN  DlPTm  (2)  IN  Mt.  ItNS  CALCULI  It  PKtSSUKL  (p)  IN  KG/CKT 
FOR  zi  200  METERS 

a~-3.54428T-12  ,  0-9.961477T-4  ,  z=-z 

PPS ,  -  ( ( -3+ ( P2-4£iz ) 1//2 )/( 2a ) ) /689 . 47 

FOR  z  >  200  METERS 

a— 2.62085T-12  ,  P-9.94765T-4  ,  tv«2.40443T-1  ,z— z 

ppS ,  -  ( ( -&+  ( 32-4a(  T4z ) ) 1//2 )/( 2a )  )/689. 47 
FOR  ALL  OEPTHS 

2KQ/CM(2)"^PS I (0,07°3 J+1.0332 

WILSONS  EQUATIONS  P-PRESURE  KG/CM2  S-SALINITY  0-00  T-TEMPERATURE  DEG.  C. 
AVT-4 . 6233T-5 . 4585 ( 10"2 ) T2+2 . 822( 10"4 )T3-5.07( 10“7 )T4. 
AVP«1.605l8(10‘1)P+1.0279(10“5)P2+3.451(10"9)P3-3.503(10"12)P4. 

&YJSffl»391(  S.?35l::?,.Sl  IQ.*!}  i&r&f. 
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TEMPERATURE  CALCULATIONS  GIVEN  VELOCITY  (ITERATIVE  METHOD 1 
GIVEN  Vm0q  ,  Pmdo  CALCULATE  T^ 

(1)  ASSUME  T-10 

(2)  CALCULATE  WITH  WILSONS  EQUATIONS  USING  T  AND  S-35 

NOTE  THE  UNDERLINED  PORTIONS  OF  WILSONS  EQUATIONS  ARE  EQUAL 
TO  ZERO  WHEN  THE  SALINITY  IS  35. 

(3)  IF  v^v^q  THEN  T^-T  OTHERWISE  CONTINUE. 

W  Av-vmdo“vt 

(5)  AT«Av/4 

(6)  T-T  +AT  AND  GO  TO  STATEMENT  2. 

TEST  ACCURACY  TO  2  DECIMAL  PUCES. 

Fig.  26.  Wilson' s  Equation  for  calculating  velocities. 
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THE  CONSTRUCTION  OF  A  VELOCITY  FIELD  FOR  THE  RAY  TRACE  PR 
Profiles  are  In  order  of  increasing  range. 


SPECIAL  FOUR  POINT  FIT 

CALCULATION  Of  CURVATURE  <Z.)  AND  GRADIENT  (D.)  AT 

X  i  x 


FOR  Zj  S  z  i  z1+1 


vj  ”  Vj+Z^z-Zj^+O^ — ^ 


(2-2.  )2 


Vi+l"  vi+l+Zi+l^z“2i+l^+Dl+l 


earth's  CURVATURE  CORRECTION  (BREKHOVSK IKH,  L.M.  -  WAVES  IN  LAYERED  MEDIA) 

Z.  A 

vi"  vl{  1  +  — a —  ^  *  a“6*37  *  10  METERS. 


Fig.  28.  Formulas  for  calculating  curvature  and  gradient. 
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LAGRANGE 
4  PT. 


LAGRANGE  FIT 


N-  NUMBER  OF  POINTS  FITTED 

N  i-1 


v(z )  - 


V 


- 

r  “i 

(v(z)>  ( 

* 

X 

j-i 


J-l+i 


(z-zi)  _ 

. -  “  .  ))< 


(Zi«Zj) 


BEDFORD  INSTITUTE  FOUR  POINT  FIT  (REPORT  NO.  BIO  66-3) 


vpi-  PARABOLA  FITTED  TO  (l),(2),  AND  (3). 
Vpg-  PARABOLA  FITTED  TO  (2), (3),  AND  (4). 


V 


V 


(Vg-V^) (z-Zg) 

U2-z3) 

(v2“vi)(z-zg) 

(z2"zl) 

(v4~v^)(z-z3) 

(z^-z3) 


+  V/ 


+  v. 


+  v. 


LINEAR  INTERPOLATED  VALUE 
BETWEEN  (2)  AND  (3). 

LINEAR  EXTRAPOLATED  VALUE 
USING  (l)  AND  (2). 

LINEAR  EXTRAPOLATED  VALUE 
USING  (3)  AND  (i*). 


VR" 


-|-  < 


ta  + 


i,>-,B)yvA 

(vA-vB)2  +(vA-vC)2 


REFERENCE 

CURVE 


v(l>_  I  »R-Vpil  *  I  »R-VP!j  VP1 

I  vR-vPll  +  I  VR"VP£^ 


Fig.  30.  Formulas  for  Lagrange  and  Bedford  Institute  method  of  fits. 
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CHAPTER  III 


RAY  TRACING 

3.  1.  Introduction 

A  number  of  references  discuss  the  ray  approximation  to  a  spreading 
wavefront  and  the  conditions  under  which  it  will  be  valid.  ^ 

The  two  primary  limitations  are: 

i)  there  shall  be  no  abrupt  changes  in  the  spatial  derivatives 
of  the  velocity  field  over  a  distance  that  is  comparable  to 
a  wavelength,  and 

ii)  the  space  rate  of  change  of  the  amplitudes  of  the  waves  must 
be  small  enough  so  that  the  waves  can  be  described  by  "local 
plane  waves.  " 

In  practical  terms  condition  i),  above,  will  be  satisfied  in  the  ocean  except 
for  very  low  frequencies  and  at  the  boundaries  of  the  medium,  and  condition 
ii)  will  be  satisfied  except  at  source  points  and  at  ray  crossing  points  where 
the  rays  focus  or  form  caustics.  In  the  latter  regions  the  field  amplitudes 
must  be  determined  by  wave  solutions  but,  provided  that  condition  i)  remains 
valid,  the  ray  solutions  can  be  continued  through  the  crossing  regions  and 
into  the  far  field  without  ambiguity.  (This  is  further  discussed  in  the  Appendix.  ) 

3.2.  Development  of  Solution 
3.2.  1.  Ray  Equation 

In  ray  tracing  the  propagation  is  represented  by  the  geometrical 

spreading  of  the  wavefronts  from  the  source,  and  the  latter  are  described 

by  their  orthogonal  trajectories  or  ray  paths.  It  is  assumed  that  everywhere 

in  the  ocean  the  velocity  field  is  known  and  given  by  v(  r  )  ,  i.  e. ,  as  a 

scalar  function  of  the  position  vector  r  in  the  medium.  If  the  vector  A 

specifies  the  ray  path  and  ds  is  a  differential  increment  along  the  path 
3 

the  ray  equation  is 


(III.  1) 


The  ray  tracing  solution  to  (III.  1)  is  determined  by  an  initial  position  rQ 
and  an  initial  direction  ?  from  this  origin  which  is  considered  a  source 
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point.  The  geometrical  acoustical  field  due  to  the  source  is  given  by  the 
mapping  into  the  far  field  of  all  the  rays  considered  as  functions  of  rg 
Thus,  the  ray  solution  is  given  by  a  continuous  function  of  position 


A  = 


(III.  2) 


3.  2.  2-  Expansion  of  Velocity  Field 

In  applying  (III.  1)  to  the  practical  case  of  cylindrical  spreading,  it  is 
convenient  to  use  the  coordinates  of  range  R  and  depth  z  measuring 
these  from  the  origin  and  the  sea  surface,  respectively,  and  to  measure 
the  ray  angle  from  the  horizontal,  0  ,  with  a  positive  angle  pointing  to 

deeper  depths.  At  any  point  ,  z.^j  in  the  medium  the  velocity  field 

program  of  Chapter  II  gives  not  only  the  value  of  the  velocity  at  that  point, 

=  v  ^r/j  ,  but  also  the  vertical  and  horizontal  gradients  as  well  as  the 
vertical  curvature  of  the  velocity  field.  Thus,  if  a  ray  has  been  followed 
to  ^  ,  z.J  the  velocity  at  a  neighboring  point  ,  z^^j  can  be 

approximated  by 


vi+i  (Ri+i  >zin) 

(Rw  - 

0 

+  D. 

l 

(ZiH  - 

2 

(III.  3) 


In  (III.  3)  is  the  vertical  gradient,  G^  is  the  horizontal  gradient, 

and  is  the  vertical  curvature  of  the  velocity  field,  all  evaluated  at 

position  ,  z.j  .  A  ray  at  this  point  and  with  a  ray  direction  0^ 

can  be  iterated  to  a  further  position  by  use  of  the  velocity  field  expansion 
parameters  of  (III.  3)  and  in  terms  of  an  iteration  parameter.  In  the 
present  work  the  arc  length  of  the  ray  has  been  used  for  the  iteration 
parameter  in  preference  to  other  parameters  such  as  an  increment  in 
range  or  in  depth.  However,  two  comments  must  be  made  before  Eq.  (III.  1) 
is  expressed  in  a  form  suitable  for  solution  by  computer  iteration. 

3.  2.  3.  A  Semi -Invariant  for  the  Iteration 

It  is  well  known  that  if  the  medium  is  purely  horizontally  stratified, 
i.  e. ,  with  no  horizontal  gradients  ,  a  simple  invariant  exists  for 

each  ray  path.  This  is 
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c 


constant  for  G  s=  0 


(HI.  4) 


cos  9 
v 

Equation  (III.  4)  has  greatest  application  to  predicting  the  depth  of  turning 
points  of  the  ray  and  thus  the  amplitude  of  the  vertical  oscillation  of  the 
ray  about  a  sound  channel  as  a  function  of  an  initial  ray  angle  and  the  sound 
velocity  at  the  origin  of  the  ray,  i.  e. ,  the  depths  z^  at  which  cos  0  a 
1  =  cos  eo  v(ztyv(zo]  .  In  the  ocean  the  average  horizontal  gradients  of 
the  sound  velocity  field  are  weaker  than  the  vertical  gradients  -  this  does 
not  mean  that  they  can  be  completely  ignored  -  and  it  is  permissible  to 
regard  c  of  (III.  4)  as  a  semi -invariant,  i.e,,  changing  only  slightly 
during  an  interation  from  c.  to  .  A  detailed  expansion  of  c. 

in  terms  of  an  arc  length  increment  A  from  ,  z.  j  gives 

c...  =  c.  -  c2G.(l  +  tan2  Q.^A  +  c.3G.  Z.  tan  9.  fl  +  tan2  9.W  +  .  .  .  .  (III.  5) 

i  +  I  i  i  i\  i  )  iii  i^  i) 

In  the  program  (lit.  5)  is  carried  as  a  parallel  iteration  with  those 
giving  the  spatial  coordinates  (R,  z)  and  is  also  used  to  define  the 
cosine  of  the  ray  angle  at  each  iteration  in  the  form 


cos  0.  .  , 
i+I 


vi+l  ci+l 


(III.  6) 


Besides  the  use  of  the  cosine  of  the  ray  angle,  the  iteration  ex¬ 
pansion  also  requires  the  sine  and  tangent  functions  of  the  angle.  If  these 
are  obtained  in  every  iteration  by  inverse  trigonometric  solutions  or,  for 
example,  by  sin  0  =  ± 's/ 1  -  cos^  0  ,  the  high  order  expansions  used  in 

the  machine  programs  by  such  functions  represent  a  penalty  in  terms  of 
machine  accuracy  and,  especially,  in  terms  of  machine  computation  time. 

To  avoid  these  limitations  the  trial  sin  9  is  calculated  by  a  separate  itera¬ 
tion  expansion,  that  involves  only  machine  multiplications  and  additions. 


sin  0.  -  c?  v.[Z.  -  G.  tan  9.  )A 
l  i  v\  1  1  1/ 

-  c?  (z2  sin  9.  +  Z.  G.  cos  9,  +v.  D.  sin  0.  ) 

i  \  i  i  ii  iii  i/2 

-  c?  3  Z.  D.  sin2  9.  -  c.  Z.  cos  9.(z?  +  v.  D. ) 

i[  i  i  iii  A  i  i  i/J 


(III.  7) 


-57- 


and  the  trial  sine  of  (HI.  7)  is  further  corrected  to  agree  with  (III.  6)  bv 


The  tangent  of  the  angle  is  given  by 


tan0i+l 


Sin  9i+l 
COB0i+l 


The  development  of  the  trigonometric  functions  of  the  ray  angle 
via  Eqs.  (III.  5)  through  (III.  9)  possesses  the  following  advantages: 

i)  accuracy  throughout  the  entire  iteration  to  an  extent 
determined  by  the  accuracy  of  the  corrections  of  (III.  5) 
to  the  semi-invariant  of  (III.  4), 

ii)  adjustment  of  the  ray  angle  at  any  position  to  a  value 
determined  by  the  velocity  field  program  at  that  point, 

iii)  speed  of  computation.  (The  coefficients  of  the  arc 
length  and  its  powers  in  (III.  7)  are  also  required  in 
(III.  1  1)  so  that  this  computation  is  not  wasted.  ) 


3.  2.  4,  Range,  Depth,  and  Time  Iterations 

From  the  above  (III.  1)  can  be  developed  to  give  the  increment  in 
range  and  depth  for  travel  over  an  arc  length  A 


ihl 


R.  +  cos  8.  A  +  c.  fz.  sin  8.  -  G.  sin  6.  tan  0.1 
i  l  i\  i  ii  i  i/  2 

n  3 

+  c.  D.  sin^  0.  -  c?  v.  Z.  [Z.  -  G.  tan  0.  ) 

ii  l  l  i  l  \  l  i  i/J  6 

)4 

t-t 

24 


(III.  8)  comes  from  the  condition  that 
sin  8  =  (sin  8)  +  <r  ,  by  assuming  that 


cos^  8  +  sin^  8=1 
1  »  cr  »  <r2  . 


and,  if 


i+  1 


z.  +  sin  8.  A  -  '.Tv.  (z.  -  G.  tan  8 .  ]  -- 
1  1  1  1  \  1  1  1  1  /_ 

■Z  (V.2  sin  fl  4-  Z  G  ('os  8  +  v  D  sin  8  ^  £ 


1  \  i 

2 


1  1  l 


4-  v 

l  ll  l  /  <•> 


3  Z.  D.  sin2  6.  -  c.  Z.  cos  6.  (z2  +  v.  D. 
ii  i  ii  i .  \  i  ii 


A 

24 


an.  i  n 


A  similar  derivation  can  be  used  tor  the  travel  time  of  the  ray 

A  . 

t  =  f  ~~r 

0  v(  r  ) 

or,  as  an  iteration, 


(III.  12) 


T.  , ,  =  T.  +  — 

1+1  i  v. 


=i(zi 


1  -  c.  |  Z.  tan  6.  +  G.  1  ^  +  c2  fz2  -  v.  D.  t.an  02  + 
i  i/2  i  \  i  ii  i 


2  Z2  tan  92  +  2  Z.  G.  tan  9.  +  2  G2  J  %- 

l  l  ll  i  1/6 


(III.  13) 


The  accuracy  of  the  above  iterations  is  discussed  in  Chapter  V, 
with  respect  to  smooth  velocity  profiles  that  are  characteristic  of 
theoretical  models  with  known  ray  solutions.  Over  all,  the  results 
indicate  that  these  expressions  permit  the  use  of  very  large  A  incre¬ 
ments  that  approach  1000  meters  per  iteration.  Associated  with  large 
A  values,  of  course,  is  a  reduction  in  the  computation  time  that  is  re¬ 
quired  per  increment.  In  ray  tracing  in  the  ocean  the  rays  spend  most 
time  in  the  deeper  regions  where  the  s'ertical  gradients  are  small  an.d 
are  nearly  constant  and  this  encourages  the  use  of  large  A  values  for 
efficient  utilization  of  the  computer. 

3.3,  Adaptive  Controls  of  Iteration  Interval 

In  surface  waters  generally  and  wherever  veloclmetry  casts  have 
been  taken  with  small  depth  intervals  to  show  detailed  structure  in  a 
velocity  profile,  the  approximation  (III,  3)  breaks  down  and  may  become 
unreliable  over  vertical  distances  of  the  order  of  tens  of  meters,  or  less. 
Such  data,  for  example,  can  show  vertical  gradients  that  approach  unity 
(meters/sec/meter),  or  0.  1  (meters/sec/meters2)  vertical  curvature, 
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V 


and  with  these  coefficients  both  (III.  3)  and  all  the  iteration  expansions 
become  invalid  unless  A  is  kept  small.  It  is  to  be  noted,  on  the  other 
hand,  that  if  data  have  been  taken  at  widely  spaced  depths,  as  may  be 
typical  of  older  data  taken  by  Nansen  casts,  the  4-point  fit  used  to  obtain 
a  continuous  representation  of  the  velocity  profile  (Chapter  II)  will  effect 
an  automatic  smoothing  of  the  data  to  yield  gradients  and  curvatures  that 
can  be  several  orders  of  magnitud  smaller  than  the  values  indicated 
above. 

Under  these  circumstances  the  selection  of  A  as  an  input 
parameter  is  conditioned  by  the  nature  of  the  input  data  and  A  becomes 
limited  by  the  largest  gradient  and  curvature  values  that  can  be  expected 
as  these  are  determined  by  the  tabulations  of  the  input  data  listings.  As 
an  alternative  to  the  use  of  a  small  fixed  A  for  the  entire  ray  path,  the 
present  program  establishes  a  series  of  control  tests  for  the  purposes  of 
adapting  A  to  control  the  accuracy  of  the  calculation  with  respect  to 
specific  structure  of  the  velocity  field  at  any  one  point  and  to  determine 
the  interval  over  which  the  expansion  (III.  3)  will  predict  the  field  in  the 
neighborhood  of  a  given  point. 

3.  3.  1  Sine  Increment  Test 

\fter  any  iteration  to  a  given  point,  the  velocity  field  program  is 
entered  to  determine  the  velocity  v^  and  the  parameters  , 

and  G.  at  that  point.  From  these,  and  from  (III.  6)  and  (III.  9),  a  tenta¬ 
tive  calculation  is  made  with  (III.  7)  tc  obtain  the  sine  of  the  ray  angle  that 
would  result  from  an  iteration  over  the  maximum  A  that  is  set  into  the 
program.  A  new  iteration  interval  A'j  is  then  selected  that  is  the  least  of 
i)  A  ,  or 


ii) 


(III.  14a) 


where  S  is  an  input  parameter,  typically  0.  01  to  0.  1.  Equation  (III,  14a) 
cuts  back  A  to  a  value  such  that  the  change  of  the  sine  of  the  ray  angle 
iu  the  next  iteration  is  of  order  S 


i 

< 

1 

I 

! 
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The  use  of  the  square  root  in  (III.  14a)  assumes  that  the  change 

in  the  sine  of  the  ray  angle  for  the  iteration  A  exceeds  S  primarily 

2  3 

because  of  the  magnitude  of  the  roeffiri ent«  of  th terms  A  and  A 
in  (III.  7).  The  assumption  is  based  on  the  maximum  magnitude  of  the 
vertical  curvature  that  is  typical  of  many  velocity  profiles,  approaching 
0,  1  meter/sec/meter  ,  and  because  the  curvature  exceeds  the  gradient 
term  in  the  iteration  expansions  by  the  ratio  v.  D.  /  .  Thus,  the 

overwhelming  necessity  for  the  cutback  in  A  is  due  to  profiles  with 
high  curvature. 

The  test  of  (III.  14a)  is  by  itself  not  a  sufficient  test  for  the  ac¬ 
curacy  of  the  sine  iteration  of  (III.  7),  for  it  may  happen  that  the  higher 
order  terms  of  the  expansion  are  large  but  accidentally  cancel  each 
other.  In  order  to  catch  such  accidents  (III.  14a),  resulting  in  A  j  , 
is  followed  by  a  further  test  that  cuts  back  A^  to  a  value  A^  such 
that  A,  is  the  least  of 
i)  A'j  ,  or 


(III.  14b) 


The  criterion  for  (III.  14b)  is  effectively  six  times  the  A  term  of  highest 
power  in  the  expansion  (III,  7);  the  accuracy  of  the  sine  increment  is  con¬ 
trolled  such  that  the  contribution  of  this  term  is  less  than  S/6 

Equations  (III.  14),  admittedly,  will  not  limit  the  change  in  the  sine 
of  the  ray  angle  to  a  value  that  is  less  than  S  in  the  circumstance  that 
the  curvature  is  small  and  the  vertical  gradient  is  (uniformly)  large.  In 
this  event  it  would  be  preferable  to  truncate  A  by  a  linear  difference 
ratio  rather  than  the  square  root  ratio  in  (III.  14)  and  to  accept  the  increase 
in  computer  running  time  that  the  stronger  cutback  would  represent.  This 
has  not  been  considered  necessary  for  the  following  reasons: 

i)  (III.  14)  will  effect  a  partial  reduction  in  A  so  that  the 
accuracy  of  the  sine  iteration  is  at  least  improved  by  the 
test. 
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ii)  The  testing  of  the  program  discussed  in  Chapter  V  shows 
that  the  iteration  ft  vtian si nn«  a  ri»  KinHIw  armratn  *» 

*  o  —  / - -  *“*  f*  *' 

files  with  large  gradients  but  small  curvatures, 

;n)  Partial  compensation  fur  errors  that  may  originate  through 
the  use  of  large  A  increments  in  high-gradient  regions 
and  which  are  not  bounded  by  (III.  14)  will  be  made  by  the 
semi-invariant  corrections  expressed  by  (III.  5)  through 
(III.  8). 

iv)  High-gradient  regions  in  the  velocity  profile  structure  are 
usually  associated  with  high-curvature  regions  that  fluc¬ 
tuate  in  sign.  Thus,  the  particular  problem  considered 
here  tends  to  arise  accidentally  at  depths  for  which  the 
small  curvature  is  due  to  a  transition  of  the  curvature 
from  one  algebraic  sign  to  another.  In  this  event  A^ 
will  be  still  further  truncated  by  the  velocity  field  accuracy 
test  discussed  below. 


3.  3.  2.  Velocity  Field  Accuracy  Test 

A  further  cutback  will  be  required  in  A^  in  high  gradient- 
curvature  layers  if  the  velocity  field  expansion  of  (HI.  3)  fails  to  predict 
the  velocity  established  by  the  field  construction  program  at  distances  A 
from  a  given  point.  This  problem  is  sensed  in  the  present  program  by 
testing  for  the  accuracy  of  (III.  3)  and  by  adapting  the  increment  A. 


1 


to  a 
The 


value  such  that  (III.  3)  is  satisfied  with  an  accuracy  parameter  e 
steps  for  this  test  are: 

i)  At  a  point  ^R.  ,  z.  j  and  for  a  ray  angle  8.  (III.  10)  and 
(III.  11)  are  calculated  for  A,  to  obtain  the  range  and 
depth  increments  projected  for  the  next  iteration, 
ii)  The  increments  of  i),  above,  are  used  in  (III,  3)  to  de- 


(Ri+l’Zi+l) 

: j. i l ..  L 


termine  a  trial  velocity  ^i+lj  at  t*ie  P°*nt 
iii)  The  velocity  field  program  is  entered  to  determine  the  value 
of  the  velocity  given  by  the  input  data  to  the  program  at  the 
new  point  calculated  in  ii),  above,  giving  ^v. 


1+1 
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Each  velocity  profile  in  the  program  can  be  entered  without  restric¬ 
tion  on  the  depth  interval  between  successive  entries  (a  maximum  limit  of 
375  entries  is  set  by  memory  capacity,  however)  to  allow  flexibility  for 
expressing  detailed  profile  structure.  If  the  entries  are  dense  in  a  given 
layer  and  a  large  A^  is  attempted,  the  velocity  field  accuracy  test  per¬ 
mits  the  extension  of  the  iteration  to  a  depth  beyond  the  range  of  the  field 
expansion  contained  in  a  given  4-point  fit  that  is  used  to  express  profile 
continuity.  To  ensure  that  the  iteration  does  not  pass  over  the  intervening 
profile  structure  too  rapidly,  the  truncation  of  by  (III.  15)  has  been 

made  linear  in  this  test  in  contrast  to  the  square  root  contraction  of  the 
sine  increment  test  of  (HI.  14).  This  has  been  done  as  a  safeguard  even 
chough  the  dominant  requirement  for  an  e  -truncation  of  A  ^  is  due  to 
the  curvature  terms. 

The  linear  reduction,  however,  can  greatly  increase  computer 
running  time  when  the  profiles  include  sharp  breaks  in  the  velocity 
gradients  that  must  be  defined  by  profile  entries  taken  for  small  depth 
intervals.  The  bilinear  profile  used  in  the  program  testing  gives  a 
dramatic  example  of  this,  as  shown  in  Chapter  V.  Such  a  "kink"  in  a 
profile  is  very  unlikely  in  nature  and  in  any  event  is  smoothed  by  the  4- 
point  fit  used  in  the  program  over  the  interval  of  the  depth  entries  by  which 
such  a  feature  is  defined.  Realistic  profiles  are  well  represented,  within 
a  measurement  accuracy  of  0.  4  meter/sec,  by  entries  at  intervals  of  10  to 
20  meters. 
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By  construction,  therefore,  the  expansion  of  the  velocity  field  of 

(III.  3}  will  be  accurate  over  an  iteration  interval  that  is  of  the  order  of 

the  minimum  depth  interval  of  the  data  entries,  and  it  becomes  wasteful 

to  permit  the  velocity  field  accuracy  test  to  cut  back  A^  to  a  value 

less  than  this  minimum  increment  A  .A  ia  used  in  the  program 

mm 

as  an  input  parameter  determined  prior  to  ray  tracing  by  inspection  of 
the  input  velocity  field  data. 

3.  3.  4.  Turning  Point  Contraction 

It  has  been  straightforward  to  apply  a  further  test  that  becomes 

effective  near  turning  points  of  the  ray,  especially  as  these  occur  in 

high  •  lient-curvature  layers  of  the  sound  velocity  profiles.  It  consists 

of  a  redaction  of  A..  to  A  when  c.fv.  .  ,  I  2  1  and  this  restriction 

2  m  i\  i+iyf 

acts  as  a  safeguard  to  prevent  the  cosine  of  the  ray  angle  from  exceeding 
unity. 

3.  4.  Error  Estimates 

The  use  of  the  adaptive  iteration  intervals  together  with  the  choice 
of  the  maximum  iteration  interval  A  initially  set  into  the  program  pro¬ 
vides  a  close  control  of  program  accuracy  that  can  be  balanced  against 
computer  running  time.  Specific  examples  are  discussed  in  Chapter  V, 
"Program  Accuracy.  "  Because  the  depth  amplitudes  of  the  rays  are  con¬ 
trolled  by  the  semi-invariant  of  Eqs,  (III.  5)  and  (III.  6),  the  primary  effect 
of  adjustments  of  A  ,  S  ,  A^  ,  and  c  is  on  the  range  accuracy,  i.  e. , 
on  the  range  at  which  a  given  ray  crosses  a  specific  depth  or  has  a  turning 
point  with  ray  angle  zero. 

This  behavior  is  entirely  analogous  with  the  range  uncertainty  that 
can  be  estimated  for  theoretical  models  of  the  velocity  field  with  respect 

4 

to  small  perturbations  of  the  field  that  correspond  to  a  velocity  uncertainty. 
There  will  also  be  a  "phase  uncertainty"  of  the  rays  due  to  the  variation  of 
the  travel  time  that  will  correspond  to  the  range  uncertainty.  With  respect 
to  physical  applications,  the  variation  of  a  calculated  range  with  different 
choices  of  e  in  (III.  15}  can  be  considered  a  measure  of  the  sensitivity  of 
the  ray  calculation  to  the  accuracy  of  the  input  data  of  the  velocity  field. 

For  example,  if  the  input  velocity  profiles  have  an  accuracy  of  0.  5  meter/sec 
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the  use  of  an  e  of  0.  1  meter/sec  may  give  a  more  precise  formal  result 
for  the  given  input  data  than  a  calculation  using  an  e  of  0.  5  meter/sec, 
but  it  is  questionable  whether  the  difference  is  physically  meaningful.  Also, 
the  increased  accuracy  that  will  be  obtained  with  the  smaller  e  will  re- 
qui  I*  <2  a  long  6:  i'  COiiipUlei  i uai'iiiig  lii'u  c . 

A  precise  error  analysis  of  the  effect  of  the  adaptive  iteration  inter¬ 
val  will  depend  critically  on  the  details  of  the  given  velocity  field.  For  the 
sound  structure  of  the  ocean  the  error  will  arise  chiefly  in  the  failure  of  the 

Taylor  expansion  of  (III.  3)  to  account  for  detail  in  the  vertical  sound  velocity 
* 

profiles.  As  a  rough  estimate,  assume  that  the  error  in  (III.  3)  arises  from 
neglect  of  an  nth  order  term  in  the  expansion,  i.  e.,  the  error  6  v.  can 
be  represented  by 


6  v. 

l 


E. 


C*»m  ~  hi 


n! 


(III.  16) 


where  E  is  the  nth  derivative  of  the  profile  with  respect  to  z  .  (  n 

must  be  -r  3  .  )  The  error  in  a  range  iteration,  6  IT  ,  will  be  of  the  form 

"i  “  ci  E.  si""  h  VTTT!  •  <In-I7> 

Note  that  the  linear  form  of  the  adaptive  iteration  interval  correction  given 
by  (III,  15)  will  over-compensate  the  (n  +  l)th  order  correction  of  (III.  17) 
if  6  v^  is  greater  than  e  ,  so  that  the  maximum  error  will  occur  if  the 
difference  between  the  velocity  predicted  by  (III.  3)  and  the  value  entered  into 
the  velocity  field  is  e  itself.  The  error  due  to  (III.  16)  will  thus  have  the 
maximum  value  in  any  iteration  of 

c.  A 

6  R.  «  e  (III.  18) 


It  is  certainly  true  that  the  average  horizontal  gradient  of  the  ocean  is 
much  smaller  than  the  average  vertical  gradient.  If,  however,  the  model 
velocity  field  is  constructed  with  distinct  thermal  "patches,  "  local  horizontal 
gradients  could  become  important.  In  practice,  however,  the  velocity  field 
is  nearly  always  measured  by  velocity  depth  profiles  taken  many  miles  apart 
so  that  horizontal  gradients  are  small  just  because  of  the  scale  of  the  measure¬ 
ment  process. 
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and  the  average  error  per  iteration  will  be  less  than  this.  Further,  the 
errors  tn  (ill.  17)  due  to  (III.  15)  will  tend  to  occur  with  different  algebraic 
signs  as  the  ray  is  traced  over  its  full  range  -  if  the  errors  tend  to  cancel, 
and  cancel  randomly,  the  net  fractional  error  in  range  6  R  will  be, 
under  these  assumptions, 


6  R 
R 


c. 

1 

n 


e 


«  ■!(■£ 

n  \v 


(III.  19) 


It  is  to  be  emphasized  that  estimates  such  as  those  of  (III.  18)  and 
(III.  19)  are  themselves  first-order  approximations,  and  cannot  be  applied 
for  large  A  or  c  ,  i.  e.,  for  iteration  intervals  such  that  the  error 
6  of  (III.  16)  becomes  comparable  to  the  velocity  change  predicted  by 
(III.  3).  However,  and  apart  from  exceptional  and  special  velocity  fields, 
it  is  reasonable  to  conclude  from  (III.  18)  that  for  nominal  values  of  the 
expansion  parameters  the  maximum  fractional  error  in  range  will  be  the 
fraction  c/nv  and  may  be  much  less  than  this  when  (III.  19)  applies. 

3.  5.  Printouts 

The  use  of  the  flexible  iteration  interval  measured  along  the  ray 
paths  is  disadvantageous  with  respect  to  two  other  requirements  of  the 
ray  tracing  program.  These  are:  i)  the  need  for  printouts  of  the  ray  path 
at  specified  range  intervals,  and  ii)  the  determination  of  the  range  and 
depth  at  which  surface  or  bottom  hits  may  occur.  To  accommodate  these 
requirements  a  set  of  controlling  tests  is  carried  during  the  ray  tracing 
so  that  the  iteration  interval  A  can  be  further  adapted  to  predict  just 
the  value  that  will  advance  the  ray  to  a  specific  point. 

The  procedure  is  simplest  for  the  printout  points.  For  these  a 
ray  is  continued  until  the  range  accumulated  in  iteration  would  exceed  an 
incremented  printout  interval  such  as  every  mile.  At  this  stage  of  the 
program  the  last  iteration  has  satisfied  all  other  tests  such  as  those  of 
the  adaptive  iteration  intervals  given  by  tests  (III.  14)  and  (III.  15).  If 
R*3  is  the  printout  range  and  the  iteration  changes  in  range  by  (III.  10) 
from  R.  to  »  a  new  iteration  increment  is  defined  by  the  ap¬ 

proximate  linearly  projected  value 
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for 


(III.  20) 


R.  .  >  Rp  >  R. 
i+I  1 


and  equations  (III.  7)  through  (III.  13)  are  used  for  the  AP  iteration  to 
printout 


i)  range, 

ii)  depth, 

iii)  sine  of  the  ray  angle, 

iv)  travel  time,  and 

v)  height  of  the  ray  from  the  bottom. 

Because  (III.  20)  is  only  an  approximation,  the  printouts  are  themselves 
approximations;  the  error  involved  is  easily  monitored  for  it  leads  to  a 
range  printout  such  as  156.0001  1  instead  of  the  156.00000  mile  integer 
value  at  a  specified  printout  range.  The  error  of  the  example  is  typical 
only  when  A  increments  of  500  meters  or  more  are  U3ed.  If  higher 
accuracy  printout  data  are  required,  it  is  easily  achieved  by  using  ap¬ 
propriately  smaller  A  values.  In  any  event,  the  error  is  only  in  the 
printout  data  and  is  not  accumulated  over  the  history  of  the  ray. 

In  addition  to  the  printouts  at  specified  range  intervals,  the  ray 
position  is  printed  at  ray  turning  points  at  which  the  ray  angle  is  zero. 

The  procedure  is  similar  to  that  just  described  for  the  range  printouts 
except  that  the  iteration  interval  is  linearly  interpolated  over  the  sine  of 
the  ray  angle  when  the  sine  changes  sign. 

Printouts  are  also  provided  when  the  ray  strikes  the  sea  surface 
or  bottom.  At  the  sea  surface  the  ray  is  reflected  specularly  by  changing 
the  sign  cf  the  sine  of  the  incident  angle,  but  at  the  bottom  the  ray  is  re¬ 
flected  specularly  with  respect  to  the  bottom  slope  and  this  also  changes 
the  semi -invariant  of  (III.  5).  These  reflections  interrupt  the  ray  in 

its  transit  and  their  positions  must  be  computed  as  accurately  as  possible. 
A  quadratic  solution  is  used  to  determine  the  iteration  interval  A  such 
that  the  ray  is  advanced  to  the  specific  point  of  contact  and  further  tests 
are  used  to  insure  that  the  proper  quadratic  solution  is  chosen. 

though  the  procedures  are  straightforward  they  are  extensive 
and  Wi.  lot  be  described  here  in  detail.  Some  of  the  tests  guard  against 
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the  possibility  that  for  a  large  iteration  interval  and  a  nearly  grazing  ray 
near  a  surface,  the  projected  ray  position  by  itself  might  indicate  an  ap- 

^  A  M  JfcM  4  — Sifc  1  4*  A  ^  /  A  M  «*  /h  M  a.  >1  «•  A  a  M  M*«  M  BfeM  VMM  /  A.  M  M  ..  VS  -V-  ?  _  t  .  _  _  .  .  —  '  i  «_ 

*  ^***  *»*»"  —  wua  a«*^v  vv  u  cn*  vc* wu a  v-  v*  wic  my  muLu  tauoco  it  iu 

be  re-entrant.  Additional  problems  arise  at  the  bottom  because  of  the 
bottom  slope.  The  tests  for  the  reflections  are  graded  in  application  so 
that  they  are  not  applied  except  as  they  are  keyed  into  the  program  by  the 
ray  proximity  to  the  reflecting  surface.  For  example,  a  sufficient  initial 
test  is  whether  the  initial  ray  position  for  an  iteration  is  within  an  iteration 
interval  A  of  the  sea  surface  or  the  minimum  entered  bottom  depth. 

3.  6.  Ray  Magnification  Function 

The  ray  tracing  solution,  Eq.  (III.  2),  for  the  propagation  in  the 
inhomogeneous  medium  is  obtained  by  computer  printout  of  the  range  and 
depth  positions  of  the  set  of  rays  which  are  distinguished  by  the  initial 
directions  of  the  rays  from  the  origin.  For  cylindrical  spreading  it  is 
convenient  to  use  a  linear  parameter  t  to  specify  the  initial  angle  through 
the  relationship  t  =  r ^  0  where  0  is  the  initial  angle  and  r^  is  a 
standard  radius  from  the  origin  that  is  conventionally  taken  as  one  yard. 

Formally,  the  solution  (III.  2}  will  permit  continuous  derivatives 
among  the  variables,  A,  z,  and  t  .  In  particular,  the  derivative 


M(R,  z  ,t> 


d  z 
dr 


.  R 


(III.  21) 


represents  the  magnification  of  the  arc  length  d  t  that  is  projected  to 
form  the  depth  interval  d  z  at  range  R  and  is  termed  the  magnifica¬ 
tion  function  of  ray  t  .  It  expresses  the  mapping  characteristic  of  the 
ray  tracing  solution  that  is  also  represented  by  the  concept  of  ray  tubes 
(or  ray  shells  for  cylindrical  spreading)  with  these  determined  as  the 
volume  between  differentially  spaced  rays  from  the  source.  In  a  non- 
homogeneous  medium  the  different  tubes  will  bend  due  to  refraction  and 
their  cross  sections  will  expand  or  contract  as  they  propagate  into  the  far 
field.  The  mapping  of  the  rays  is  not  unique,  however,  for  entirely  dif¬ 
ferent  elements  d  t  may  be  projected  into  a  common  depth  interval  dz 
at  range  R  ,  In  underwater  acoustics  the  t-  values  projected  into  a 
common  depth  interval  are  termed  different  "arrivals"  because  a  receiver 
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at  that  position  will  detect  a  single  source  impulse  as  a  set  of  time- separated 
signals  with  delays  representing  the  different  travel  timee  for  the  different 
paths  that  connect  the  source  and  receiver.  It  may  also  happen  that  there 
are  some  depth  intervals  which  are  not  mapped  by  any  d  r  because  no 
rays  exist  that  connect  such  positions  with  the  origin,  such  regir  i  constitute 
"shadow  zones.  " 

3.  7.  Ray  Depth  Distribution  Plots 

Although  the  ray  paths  of  individual  t  rays  can  be  obtained  by 
computer  printout  (Fig.  9)  a  summary  of  the  contribution  of  all  the  rays  is 
contained  in  the  ray  depth  distribution  plots  in  which  at  a  given  range  suc¬ 
cessive  depths  are  plotted  as  functions  of  rays  with  incremented  initial 
angles.  Plots  of  this  type,  representing  differing  physical  situations,  are 
shown  in  Figs.  11,  31,  and  32.  The  slopes  of  these  plots,  if  the  slopes 
can  be  identified,  give  the  magnification  function  M(R  ,  z  ,  t)  of  (III.  21). 
Each  intersection  of  the  curve  with  a  given  depth  identifies  an  arrival  or 
possible  ray  path  for  acoustical  transmission  that  can  also  be  identified  by 
the  travel  time  plotted  on  the  right-hand  side  of  the  figures.  Finally,  and 
as  a  guide  for  estimating  the  effectiveness  of  the  rays,  an  attenuation  value, 
determined  by  the  sea  surface  and  the  bottom  reflections  undergone  by  the 
ray  in  its  travel  to  the  given  range,  is  listed  in  the  data  printout  of  the  plot. 
Rays  which  have  been  attenuated  by  these  mechanisms  to  more  than  a  pre¬ 
set  level  are  excluded  from  the  plots. 

Each  of  the  ray  depth  distribution  plots  of  the  figures  shows  a 
distinctive  pattern  that  represents  the  action  of  the  inhomogeneous  velocity 
field  and  its  boundaries  on  the  initially  spherical  wave  that  starts  from  the 
origin  and  propagates  to  the  given  range.  Also,  the  depth  amplitude  of  the 
oscillation  of  the  rays  about  the  sound  channel  that  is  plotted  shows  the 
depth  interval  that  would  be  illuminated  by  the  individual  arrivals.  It  is 
important  to  note  that  small  changes  of  the  velocity  field  usually  produce 
only  a  minor  effect  on  the  depth  amplitudes  but  shift  or  "snake"  the  curve 
to  alter  the  identification  of  the  initial  angle  of  an  arrival  that  reaches  a 
given  depth  interval  at  the  given  range.  A  partial  summary  of  the  type  of 
information  available  from  these  plots  and  comments  on  such  data  are: 
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i)  Identification  of  the  range  of  initial  angles  from  the  source 
that  can  couple  to  a  given  depth  interval.  For  example,  in 
Fig.  11,  for  angles  less  than  about  -12*,  there  is  no  ef¬ 
fective  coupling  to  a  region  at  or  near  the  aea  surface, 

ii)  Well-defined,  differentiable  arrivals,  i.  e.,  those  for 

which  the  magnification  function  (III.  21)  can  be  calculated, 
can  occur  at  near  to  intermediate  ranges,  e,g..  Figs.  11 
and  32,  but  these  are  observed  only  for  rays  which  have 
undergone  bottom  interactions  when  the  bottom  is  especially 
smooth  (as  it  was  for  the  bottom  of  the  Hatteras  Plain  used 
for  the  data  of  Fig.  14). 

iii)  Even  if  a  group  of  rays  has  undergone  no  surface  or  bottom 
reflections,  it  is  often  found  that  there  may  be  abrupt  jumps 
in  the  depths  of  successive  rays  so  that  differentiation  in  the 
sense  of  (III.  21)  is  impossible,  at  least  on  the  scale  of  the 
initial  angle  increments  used  to  obtain  the  plot.  Such  be¬ 
havior  originates  in  special  details  of  the  velocity  profiles 
used  to  construct  the  velocity  field,  e.  g.,  in  regions  with 
different  slopes  particularly  in  or  near  the  surface  thermo- 
clinc. 

iv)  The  effects  of  ii)  and  iii),  above,  can  be  traced  to  their 
origins  by  consulting  the  individual  ray  printouts  to  identify 
the  special  features  of  the  velocity  profiles  or  bottom  struc¬ 
ture  that  are  responsible.  One  of  the  principal  effects  of  the 
horizontal  gradients  or,  more  specifically,  the  effect  of 
mixing  velocity  profiles  with  differing  structures,  is  to  in¬ 
crease  the  breakup  of  the  arrival  structure  with  increasing 
range.  A  dramatic  example  of  this  occurs  when  rays  be¬ 
come  trapped  in  or  are  ejected  from  a  surface  sound  channel, 
an  effect  that  would  not  be  possible  if  an  average  profile, 

i.  e. ,  a  stratified  medium,  were  used  for  the  total  velocity 
field. 

When  a  ray  depth  distribution  plot  shows  smooth  behavior,  indicating 
well-defined  arrival  structure,  the  ray  tracing  calculations  will  provide  a 


clear  and  direct  representation  of  the  acoustic  field;  indeed,  if  this  occurs 
it  is  also  an  indication  that  the  data  inputs  for  the  physical  parameters 
that  control  the  propagation  are  favorable  in  the  sense  that  the  velocity 
field  is  simple  in  structure  and  an  ocean  bottom,  if  it  is  important,  is 
also  well  defined  and  smooth.  On  the  other  hand,  if  the  plots  show 
breakup  of  the  arrival  structure  when  the  incremented’  initial  angles 
differ  by  fractions  of  a  degree,  it  must  be  concluded  that  the  computation 
is  expressing  the  fact  that  the  data  inputs  themselves  represent  a  com¬ 
plex  physical  environment. 

Much  of  the  experience  of  Hudson  Laboratories  in  long-range,  low- 
frequency  underwater  sound  propagation  indicates  that  the  data  demand  the 
inclusion  of  the  effects  of  the  "irregular"  arrivals,  for  frequently  they  will 
carry  a  major  fraction  of  the  acoustic  energy.  They  are  especially  im¬ 
portant  when  there  are  shadow  zones  that  cannot  be  illuminated  except  by 
bottom  reflections,  or  for  the  study  of  the  effects  of  bottom  terrain  on  the 
modulation  of  the  acoustic  field  that  passes  over  it,  or  for  the  changes  in 
the  vertical  intensity  distribution  of  the  field  in  propagation  across  water 
masses  with  distinct  structural  differences  in  their  velocity  profiles. 
Acoustical  data  of  this  type  can  be  related  to  specific  environmental  features 
and  the  latter  cannot  be  approximated  by  representative  or  smoothed  data 
inputs. 

In  the  next  chapter,  on  intensity  calculations,  a  method  will  be  pre¬ 
sented  for  using  all  of  the  ray  arrivals  by  interpreting  their  mapping 
property  as  a  probability  distribution  in  the  far  acoustical  field.  The 
probability  interpretation  is  especially  useful  because  it  can  combine  the 
uncertainties  that  are  necessarily  present  in  the  input  oceanographic  data 
with  more  fundamental  theoretical  limitations  in  the  techniques  for  com¬ 
puting  wave  fields  in  inhomogeneous  media  with  irregular  boundaries.  For 
example,  and  from  the  standpoint  of  ray  theory,  the  following  comments 
are  pertinent; 

1)  If  rays  have  been  traced  for  a  set  of  incremented  initial  angles 
with  separation  A8g  and  If  is  found  that  the  arrival  structure  "breaks 
up,  "  it  is  clearly  possible  to  repeat  the  calculations  for  initial  angle  incre¬ 
ments  A  9'  with  A  8'  «  A  0  .  This  fills  in  the  detail  of  the  arrival 

s  s  s 

structure  and  permits  evaluation  of  the  magnification  function  of  (III.  Zl)  by 
the  limiting  process 
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(III.  22 


2)  The  requirement  for  accuracy  in  ray  tracing  is  not  primarily 
towards  specifying  the  range  and  depth  positions  of  rays  with  given  initial 
angles  -  in  any  event  such  data  are  exceptionally  sensitive  at  long  ranges 
to  variations  in  the  input  field  data.  It  is  necessary,  however,  that  the 
relative  positions  of  closely  spaced  rays  be  computed  accurately  if  the 

M  (R  ,  z  ,  t)  of  (III.  22)  is  lo  represent  the  spreading  of  a  propagating  ray 
tube. 

3)  A  limit  on  the  accuracy  with  which  (III.  22)  can  be  computed 
will  be  set  by  the  buildup  of  machine  errors  as  a  given  ray  is  iterated. 

If  such  errors  are  serious  the  magnification  function  defined  by  (III.  22) 
will  not  be  uniform  over  a  set  of  differentially  incremented  initial  angles. 

4)  The  accuracy  requirement  of  3),  above,  is  usually  a  trivial 
limitation,  however.  In  every  detailed  examination  that  has  been  made 
of  ray  tracings  in  which  the  magnification  function  shows  abrupt  or  er¬ 
ratic  changes  in  slope  the  cause  of  such  behavior  has  been  traced  to 
structure  of  the  input  environmental  data.  Apart  from  bottom  inter¬ 
actions  and  shadow  zone  boundaries,  the  usual  origin  of  the  change  is 
due  to  a  change  in  slope  (not  an  abrupt  efiange,  for  the  velocity  field  con¬ 
struction  program  produces  profiles  which  are  continuous  in  both  the 
velocity  and  its  vertical  gradient)  in  the  upper  thermocline.  The  effect 
is  increased  over  a  range  of  initial  angles  when  a  number  of  profiles  with 
differing  thermocline  structure  are  used  to  form  the  velocity  field. 

An  example  of  this  can  be  observed  in  the  ray  depth  distribution 
plot  of  Fig.  32  for  the  very  shallow  angles  from  the  100-meter  deep  ray 
trace  origin.  These  rays  were  injected  into  an  approximately  isovelocitv 
region  below  an  upper  thermocline.  The  detailed  field,  obtained  by  use  of 
the  Sippican  X-BT  casts,  usually  showed  a  slight  positive  thermocline 
below  the  main  thermocline  but  some  of  the  casts  showed  a  slight  negative 
thermocline.  Several  of  the  shallow  angle  rays  actually  skipped  a  con¬ 
vergence  zone  or  two  due  to  trapping  in  this  region  and  before  being  re¬ 
fracted  downward  when  they  came  into  a  positive  thermocline.  This 
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behavior,  of  course,  is  highly  sensitive  with  respect  to  small  variations 
in  the  input  data  and  would  depend,  for  example,  on  whether  velocity 
profiles  taken  at  night  were  mixed  with  velocity  profiles  iaken  during 
the  day. 

5)  The  use  of  highly  detailed  input  data  for  the  velocity  profiles, 
e.g.,  the  use  of  the  X-BT  casts  with  readout  at  5-  or  10-meter  intervals 
as  compared  to  data  based  on  much  larger  readout  intervals  from  Nansen 
casts,  produces  a  "graininess"  or  fluctuation  in  the  magnification  functions 
which  increases  with  range  and  which  is  not  due  to  machine  error  but  re¬ 
flects  the  nature  of  the  input  data.  It  is  expected  tint  in  acoustical  propa¬ 
gation  these  effects  are  equivalent  to  the  type  of  fluctuations  that  are 
ascribed  to  microstructure. 

6)  Not  only  are  the  effects  of  4)  and  5),  above,  sensitive  to  de¬ 
tailed  structure  of  the  environmental  data  but  it  becomes  physically 
meaningless,  at  least  on  the  basis  of  ray  tracing,  to  compute  rays  with 
very  small  initial  angle  increments  for  the  purpose  of  defining  a  magnifi¬ 
cation  function  that,  is  continuous  for  differentially  incremented  initial 
angles,  even  when  machine  errors  can  be  neglected.  Both  for  refraction 
through  small  depth  intervals  and  for  bottom  reflection  from  small  bottom 
segments  a  limit  will  be  reached  that  is  set  by  diffraction  spreading.  If 

a  magnification  function  is  smoothly  defined,  in  the  sense  indicated  above, 
it  represents  a  well-defined  spreading  wavefront;  in  contrast,  an  aberrant 
magnification  function  that  can  be  identified  with  a  single  arrival  represents 
wavefront,  warpage.  In  both  ray  and  wave  optics  the  effect  of  distorted 
wavefronts  is  to  produce  a  lack  of  resolution  and  a  spreading  of  energy 
about  an  average  or  central  position.  This,  it  must  be  assumed,  is  given 
by  the  trajectory  of  the  central  ray. 
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Fie  32.  Rav  depth  distribution  plot  at  240-mile  range.  This  figure  is  based  on  ray- 
tracing  for  the  At  N.  Guthrie  and  J.  D.  Shaffer  experiment  described  in  Introduction. 
Depth  distribution  plot  shows  that  transmission  can  be  described  in  terms^of  three 
regimes  ordered  with  lespect  to  initial  angles  of  the  rays:  1)  angles  <  -10*  and  >  lO* 


isothermal  region,  for  which  no  well-defined  arrival  structure  exists. 


CHAPTER  IV 


TRANSMISSION  LOSS 

4.1.  Prelimina r  y  Observations 

The  objective  of  this  chapter  is  to  use  the  ray  tracing  solution, 

Eq.  (III.  2),  obtained  from  the  computer  printouts,  to  calculate  the  intensity 
in  the  far  acoustical  field.  First,  however,  it  will  be  convenient  to  review 
briefly  certain  concepts  which  are  conventional  and  which  will  be  used  in 
the  computations . 

4.1.1.  Transmission  Loss 

The  intensity  in  the  acoustical  field  is  normalized  with  respect  to 
source  power  and  is  expressed  as  a  transmission  loss  measured  in  decibels, 


T.L<  .  ,  0  log  j  0  j- 
yd 

where  1^  is  the  intensity  measured  at  a  given  position  in  the  field  and 
I  ^  is  the  intensity  produced  by  the  (point)  source  at  a  distance  of  one 
yard.  Alternatively,  the  average  sound  pressure  that  is  measured 

can  be  used  to  express  the  transmission  loss  by 


(IV.  1) 


T.L.  =  20  log. 


(IV.  2) 


=  20  log10  Pd  -  71.6  -  10  log  W  (IV.  3) 

In  (IV.  3)  the  acoustical  pressure  produced  by  a  source  of  power  W  watts 

2 

at  a  distance  of  one  yard  has  been  expressed  in  dynes/cm  and  these  are, 
then,  the  units  to  be  used  for  the  detected  pressure,  .  In  both  (IV.  2) 

and  (IV.  3)  the  nearly  unit  factor  [(p  v^yd^Pv^d]  ’  ^ie  rat*°  a c onstic:a.l 

impedances  at  the  source  and  detector,  respectively,  has  been  dropped. 

4.1.2.  Spreading  Loss 

The  contraction,  or  expansion,  of  a  differential  ray  tube  from  a  source 
that  propagates  through  the  medium  will  lead  to  a  "spreading  loss.  "  For 
cylindrical  spreading,  and  neglecting  any  other  attenuation  or  absorption 
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than  that  due  to  the  geometrical  divergence  of  the  ray  tube,  it  is  straight¬ 
forward  to  show  that  the  intensity  of  a  single  arrival  at  position  (R,  z) 
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d 


cos  6 

o 

cos  0 


1  rvd 

M(R,  z ,  r )  R 


In  (IV,  4)  r  ,  is  the  standard  distance  of  one  yard,  0  is  the  arrival 


yd 

angle  of  the  ray  at  the  point  (R,  z) 
and  M(R,  z,  r)  is  the  magnification  factor  of  Eq.  (III.  21  );also,  t=  r  ^0 


9  is  the  initial  angle  of  the  ray, 


4.1.3.  Reciprocity  Theorem 

Insofar  as  the  rays  traced  from  an  origin  represent  the  acoustical 
field  spreading  outwards,  it  is  natural  to  consider  the  source  of  the  sound 
at  the  origin  and  the  resultant  field  as  that  which  would  be  measured  by 
a  probing  hydrophone.  In  many  experiments  the  receiver  is  fixed  and  it 
is  the  source  that  is  used  as  the  probe,  e.g.  ,  a  towed  projector  from  a 
ship.  In  fact,  and  thanks  to  a  reciprocity  theorem,  the  same  calculation 
can  be  used  for  both  types  of  measurement  procedures. 

The  reciprocity  theorem,  valid  for  a  stable  medium,  and  scalar 
wave  fields,  states  that  it  is  possible  to  interchange  the  positions  of  the 
source  and  receiver  in  the  medium  without  alteration  of  the  transmission 
loss.  This  is  related,  of  course,  to  the  fact  that  ray  paths  are  reversible 
and  the  spreading  loss  between  the  two  positions  is,  to  first  order, 
independent  of  the  choice  of  either  as  an  origin. 


4.1.4.  Multipath  Interference 

The  extrinsic  variable  of  the  acoustic  field  is  the  instantaneous 
pressure.  Within  the  ray  approximation,  and  thus  away  from  diffraction 
determined  regions  such  as  turning  points,  the  net  pressure  can  be 
expressed  as  the  sum  of  local  plane  waves  each  of  which  represents  an 
independent  arrival,  i.  e.  , 

-  i(w.  t  -  k  R'  c  os  0  .  -  k  z'  sin  0 .  +  $ 

P(R',z')  =  £  A.  e  '  3  3  3  . 

J  J 


(IV.  5) 
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R'  and  z'  are  the  coordinates  of  a  point  m  the  field  near  a  reference 
point  (r^  ,  z_J  and  are  used  here  to  express  the  displacements  (r  -  R^j 
and  ^z  -  zj  in  range  and  depth,  respectively.  At  the  reference  point  the 
individual  arrivals  have  amplitudes  A.  ,  ray  angle  0^  ,  relative  phases  <j>^  , 

and  frequencies  u.  .  k  =  2-ir/k  the  wave  number  and  is  (2tt  times)  the 
reciprocal  wavelength.  From  (IV.  5)  it  is  clear  that  the  instantaneous 
pressure  may  have  any  magnitude  from  0  to  the  sum  of  the  component 
amplitudes  and  the  precise  value  will  depend  on  the  relative  phases.  Also, 
in  the  region  of  |rq  ,  zQj  there  will  be  an  interference  structure  that 
depends  upon  the  arrival  angles. 

The  average  intensity  in  the  region  of  the  reference  point  will  be 
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(IV.  6) 


where  a  time  average  is  taken  over  a  duration  T  and  a  space  average  is 
taken  over  the  interval  of  dimensions  fL  and  ^  Substitution  of  (IV.  5) 
into  (IV.  6)  leads  to  an  average  intensity  and  fluctuations  around  this  average 


pv<!>  =? 


l2<4+T%  I  £  /dtdRdz^  ^A.Ak  cos^.-cojt 

-k  Ricos  0  cos  0  ]  -k  z  (sin  0  ,  -  sirx0  )  +  <j> .  -  d> 
\  j  k)  \  )  *)  ) 


(IV.  7) 


The  single  sum  represents  the  sum  of  the  intensities  of  the  individual 
arrivals, 


<I)  =  l  I  (IV.  8) 

J  J 

and  the  double  sum  of  (IV.  7)  gives  the  fluctuations  of  intensity  that  define 
the  interference  structure  about  fRQ,  z\ 
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If  the  velocity  field  is  stable,  a  definite  meaning  can  be  given  to  the 
phases  ,  calculating  these  in  terms  of  the  travel  time  to  ^Rq  , 

aud  ilie  ciuuiLioiial  phase  corrections  discussed  in  the  Appendix,  and  the 
interfering  terms  in  (IV,  7)  are  then  determined  from  the  ray  tracing.  In 
long-range  propagation,  however,  the  phases  become  unpredictable,  not 
in  a  formal  sense,  for  they  are  readily  calculated  in  the  model  velocity 
field,  but  with  respect  to  uncertainties  in  measurement  as  well  as  the 
inevitable  changes  in  the  velocity  field  with  time  that  occur  in  the  real 
ocean.  Indeed,  in  the  limit  of  many  contributory  arrivals  that  possess 
random  phase  differences  the  interference  terms  of  (IV.  7)  will  cancel  each 
other  and  the  double  sum  will  tend  to  vanish. 

Unfortunately,  it  is  an  experimental  observation  from  transmission 
measurements  in  the  real  ocean  that  the  fluctuations  of  the  signal  do  not 
average  to  an  rms  level  that  is  small  compared  to  the  mean  value  of  (IV.  8). 
This  partly  indicates  that  the  effective  number  of  arrivals  is  not  large, 
but  it  can  also  indicate  that  the  arrival  amplitudes  A.  are  not  approximately 
equal,  reflecting  an  attenuation  that  depends  upon  the  paths  of  the  arrivals. 

It  is  possible,  however,  to  obtain  a  phase  independent  intensity  by 
carrying  out  the  time  and  space  averaging  integrals  of  (IV.  7),  leading  to 
(IV.  8).  It  is  this  approach  that  is  taken  in  the  present  work  with  the  con¬ 
sequence  that  the  transmission  loss  that  is  computed  for  (IV.  1)  via  (IV.  8) 
must  be  understood  to  app'v  not  to  instantaneous  experimental  measurements 
but  to  data  that  have  been  averaged  over  a  sufficient  scale  so  that  the  limit 
(IV.  8)  is  approached.  This  will  occur  for: 

1.  A  time  average  of  period  T  such  that  l/T  is  small 
compared  to  a  frequency  spread  that  can  exist  for  the 
different  arrivals  or  for  which  T  is  large  with  respect 
to  a  time  required  for  changes  in  the  velocity  field  of  the 
ocean  that  randomize  the  phase  differences  in  (IV.  7). 

2.  A  range  average  over  the  interval  R  with  R  sufficiently 
large  so  that  the  oscillations  of  the  integrand  minimize 

the  contribution  of  this  integral  with  respect  to  the  average 
intensity  given  by  (IV.  8).  A  rough  condition  for  this  is 


6L  > 
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(IV.  9) 


cos  0 .  -  cos  G 
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3.  A  depth  average  similar  to  that  of  2),  above,  and  under 


sin  6.  -  sin  6 
J  * 


(IV.  1 


This  development  of  the  effects  of  multipath  interference  is  schematic 
and  has  suppressed  certain  details.  Among  t.heBe  are: 

1.  The  fact  that  the  A^  wave  amplitudes  are  themselves 
space  dependent,  and  this  should  be  included  in  the  inte¬ 
gral  cf  IV.  7), 

2.  The  neglect  of  diffraction  effects.  These  will  be  particularly 
important  near  depths  which  are  turning  points  for  the 
arrivals  that  are  defined  by  the  ray  depth  distribution  plots, 
for  at  these  points  the  magnification  function  vanishes.  Also, 
at  these  points  the  wave  amplitudes  will  show  their  greatest 
spatial  dependence. 

3.  Even  if  the  diffraction  effects  are  ignored,  the  condition 

(IV.  9)  will  not  be  appropriate  for  small  ray  angles  -  for 
these  the  cosines  of  (IV.  9)  will  be  nearly  unity  and  the 
denominator  of  (IV.  9)  will  tend  to  vanish.  Thus,  at  long 
wavelengths,  it  will  again  be  necessary  to  consider  the 
spatial  dependence  of  the  wave  amplitudes  to  choose  the 
scale  of  $L  such  that  (IV.  8)  is  truly  a  phase  independent 
limit  of  (IV,  7).  Similar  remarks  apply  to  the  interval^  ; 
however,  note  that  for  small  angle  arrivals  the  ratio 
goes  as  +  0Kj  /2  indicating  that  the  depth  interval 

gives  more  rapid  averaging  than  the  range  interval. 

Despite  these  limitations,  which  are  also  cautions  against  applying 
rigid  or  arbitrary  definitions  for  the  scale  of  &  and  ^  ,  the  discussion 

does  clarify  the  distinctions  between  experimental  tests  of  transmission 
loss  that  depend  on  broadband  sources  or  cw  projectors.  For  the  former, 
e.g.,  shots  or  air  guns,  the  definition  of  transmission  loss,  (IV.  1),  can 
be  modified  by  considering  all  quantities  as  spectral  densities  leading,  in 
particular,  to  the  frequency  dependent  transmission  loss  spectrum.  This 
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is  valuable  physical  data.  It  is  also  simpler  to  calculate  this  as  an  average 
over  a  laree  bandwidth  because  (IV.  8)  is  then  a  good  approximation,  due  to 
the  cancellations  in  (IV.  7),  over  the  frequency  bandwidth.  Finally,  impulse 


sources  are  especially  useful  if  arrival  structure 


distinct  time- delayed  impulses  in  the  received  signals, 

CW  experiments,  on  the  other  hand,  are  notorious  for  the  large 
interference  fluctuations  that  are  consistently  measured  in  long-range 
propagation  experiments.  It  is,  however,  simpler  to  make  these  measure¬ 
ments,  using  narrov/  band  filters  for  detection,  and  a  detailed  continuous 
record  is  obtained  that  does  reveal  the  extent  and  the  dominant  periods  of 
the  multipath  interference.  Also,  the  moving  source  (or  hydrophone)  that 
probes  the  field  enables  a  spatial  average  to  be  taken  in  terms  of  the  probe 
velocity  and  the  data  time  series. 


4.2.  Loss  and  Weighting  F'unctions 

No  general-purpose  descriptive  model  of  propagation,  such  as  the 
present  program,  can  expect  to  deal  comprehensively  with  detailed  physical 
effects,  especially  those  that  require  intensive,  specialized  data  specification. 
Examples  would  include  the  effects  of  specific  local  bottom  profiles  and 
their  composition  and  sub- structure  on  individual  acoustical  reflections  or 
the  dependence  of  surface  scattering  amplitudes  on  the  windrow  density  of 
the  sea  surface.  This  is  not  to  say  that  such  effects  are  not  important, 
but  rather  emphasizes  practical  limitations  that  must  be  accepted  in  treat¬ 
ments  of  long-range  propagation.  The  constraints  occur  because:  i)  it 
is  nearly  impossible  (or  at  least  extremely  rare)  that  these  types  of  detailed 
environmental  data  will  be  available  for  an  acoustical  experiment  over, 
say,  a  path  of  100  miles  or  more,  and  ii)  programs  and  sub-programs  that 
utilize  such  data  inputs  become  increasingly  complex. 

The  approach  of  the  present  work  is  intermediate.  On  the  one  hand 
the  interpretation  of  the  acoustical  field  will  be  given  in  terms  of  probabil¬ 
ity  functions,  to  be  defined  later,  with  the  anticipation  that  if  the  physical 
effects  can  be  described  statistically  they  can  be  included  in  the  program 
in  a  natural  way.  On  the  other  hand  specific  interactions,  especially  those 
due  to  acoustical  interactions  with  the  ocean  boundaries  that  represent  loss 
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or  scattering,  are  included  on  the  assumption  that  they  can  be  described 
hv  a  few  representative  parameters.  Thf  principal  interactions  of  this 
type  that  are  used  in  the  program  are  given  below  -  their  approximate 
character  will  be  apparent. 

4.2.1.  Bottom  Reflectivity 

It  is  assumed  that  a  ray  incident  against  a  bottom  with  a  grazing 
angle  x  relative  to  the  bottom  will  suffer  a  fractional  attenuation 

ab  =  «„  (c,X,x..b)  (IV.  ID 


which  is  written  as  a  function  of  certain  constants,  C  ,  and  the  parameters 
of  wavelength,  \  ,  grazing  angle  against  the  bottom  \  ,  and  a 

coefficient  <rb  .  The  subscript  b  indicates  a  particular  bottom  hit  - 
for  B  bottom  hits  the  total  fractional  attenuation  is 


a 


ab 


(IV.  12) 


A  functional  description  of  can  be  given  with  respect  to  well- 

known  models  such  as  the  Rayleigh  reflection  law,  which  is  wavelength 

independent,  or  as  a  scattering  law  trom  a  rough  bottom  with  variance 

<r,  .  Experiments  in  special  areas  can  be  cited  for  the  support  of  either 

b 

of  these  models  but,  and  particularly  for  long  wavelengths,  the  bulk  of 

published  data  gives  very  little  guide  towards  the  choice  of  a  representative 

function  for  u.  or  for  adjusting  such  a  function  in  terms  of  the  geological 
b 

structure  of  a  region,  assuming  this  is  known.. 

In  the  present  program  can  be  specified  by  a  scientist  who 

has  a  preference  for  a  given  function,  or,  preferably,  who  chooses  a  func¬ 
tion  that  gives  a  good  average  fit  to  experimental  data  appropriate  to  the 
region  of  the  ray  tracing.  Geological  variations  can  be  approximated  by 
tabulation  of  cr,  as  a  function  of  range. 

D 

Three  a,  functions  have  been  used  as  approximations  in  lieu  of 
b 

more  specific  data: 
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1 .  A  "square"  but  lossy  critical  angle,  i.  e.  , 

=  k  tor  0  :<  k  1  and  0  <  y  ■<  xc 
-  0  for  xc  <  X  ■  (IV.  13) 

Typical  values  that  have  been  used  would  be 
k  =  1/2  and  \c  -  ^0° 

2.  A  roughness  approximation 

f  2 

ab  -  A  exp  -  (ciX)2  t  C2  cr2  (IV.  14) 

Again,  typical  values  are  A  =  0.  7  ,  C  ^  =  0.  72b  , 

and  C9  =  18.  364  .  The  choice  in  (IV.  14)  of  a  dependence 

of  i/\  rather  than  the  ( 1  / X)  dependence  that  would 
be  predicted  on  a  pure  roughness  model  has  been  guided 
by  the  experiments  of  Bucker  et  al.  ^ 

3.  Termination  of  a  ray  after  B  bottom  hits.  This 
approximation  can  be  used  with  either  of  1)  or  2),  above. 

It  has  the  practical  advantage  that  it  can  be  used  directly 

in  the  ray  tracing  program  to  stop  rays  and  to  save  machine 
running  time  that  would  be  wasted  on  rays  that  continually 
strike  the  bottom. 

4.  2,  2  ,  Surface  Reflectivity 

A  fractional  attenuation  for  our  I', me  reflectivity  can  be  used  that 
is  similar  to  for  bottom  reflectivity,  i.e.  , 

e.  =  n,  (c.x.x.  O  <IV15> 

where  the  subscript  s  indicates  a  particular  surface  hit  and  the  total 
attenuation  of  a  ray  striking  the  surface  S  times  is  given  by 
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For  surface  reflections,  however,  an  optimum  choice  c<in  be  made 
using  the  function 


/  f  \3/2  /  o-  \3/2 

P8  =  1 "  -0234  [■mo)  b) 


(IV.  17) 


as  given  by  Marsh.  In  (IV.  17)  <r  is  the  mean  wave  height  and  f  is  the 
frequency  in  Hz.  It  is  clear  from  (IV.  17)  that  for  acoustical  frequencies 
of  the  order  of  several  hundred  cycles  or  less  the  surface  reflectivity  loss 
can  be  neglected  |(3g  =  1^ 

4.2.3.  Volume  Attenuation 

Volume,  or  bulk,  attenuation  is  expressed  by  a  fractional  attenuation 


(IV.  18) 


for  a  ray  at  range  R  and  for  an  absorption  coefficient  6  .  The  frequency 

dependence  of  6  ,  as  a  low-frequency  limit,  has  been  taken  as 


9.5  X  10‘ 


(IV.  1 9) 


where  X.  is  given  in  meters  and  R  in  (IV.  18)  is  in  nautical  miles.  (IV.  19) 
is  the  low-frequency  approximation  of  the  plane  wave  attenuation  coefficient 
given  by  Marsh  and  Shulkin. 

Equations  (IV.  18)  and  (IV.  19)  represent  the  extension  to  low  fre¬ 
quencies  of  data  taken  at  higher  frequencies  under  conditions  such  that 
6  represents  bulk  absorption  in  the  medium.  A  number  of  other  expressions 
have  been  determined  from  transmission  measurements  in  the  ocean  and 
which  arc  derived,  primarily,  as  factors  modifying  a  sonar  type  equation  in 
the  regime  of  cylindrical  spreading.  Insofar  as  these  experiments  do  not 
distinguish  additional  loss  mechanisms  that  may  occur,  especially  those 
due  to  bottom  or  surface  losses,  the  averaged  attenuation  factors  from  the 
transmission  measurements  should  not  be  used  in  a  prop  .im  that  enters  the 
different  types  of  losses  explicitly. 


It  is  fortunate  that  for  frequencies  of  several  hundred  cycles  or  less 
the  available  experimental  evidence  indicates  that  the  attenuation  introduced 
by  scattering  mechanisms  in  the  ocean  is  small,  i.e.,  of  the  order  of  (IV.  19), 
approaching  (IV.  19)  as  a  limit.  Unfortunately  there  is  little  direct  evidence 
to  support  this  conclusion,  but  it  may  be  inferred  because: 

i)  scattering  will  introduce  loss  either  by  the  interaction 
itself  or  by  conversion  of  acoustical  energy  into  direc¬ 
tions  that  will  be  steeply  incident  against  the  bottom 
and  the  energy  will  be  absorbed  there,  and 

ii)  the  experimental  volume  absorption  reported  for 
measurements  of  transmission  in  the  sound  channel, 
i.e.,  SOFAR  propagation,  is  small.  Sheehy  and  Halley, 
for  example,  give 

a  =  2.  1  X  10"6  f3//2  dB/n.  mile  t  (IV.  20) 

a  loss  of  2  dB  over  a  range  of  1000  miles  at  100  Hz. 

In  the  present  program  (IV.  20)  could  be  used  in  place  of  (IV.  1°). 

However,  the  surface  and  bottom  losses  and  the  uncertainties  in  the  a. 

b 

and  ps  functions  that  describe  these  losses  can  be  expected  to  dominate 
the  weak  absorption  expressed  by  (IV.  18)  or  (IV.  20). 

4.2.4.  Directivity  Functions 

If  the  apparatus  used  as  source  or  receiver  in  an  acoustical  experi¬ 
ment  is  directional,  it.  is  straightforward  to  assign  weights  to  the  individual 
rays  according  to  a  directivity  factor  that  describes  the  dependence  of  the 
radiated  power  cn  an  angle  relative  to  a  fixed  direction.  If  a  bottom- 
mounted  source  or  hydrophone  is  used  as  a  ray  origin  it  becomes  directional 
even  though  the  components  may  themselves  be  isotropic.  This  is  easily 
accounted  for  by  tracing  only  rays  that  propagate  into  the  water,  i.  e.  ,  all 
initial  angles  are  taken  upward  (and  thus  are  negative),  and  the  rays  that 
would  require  propagation  through  the  bottom  are  ignored. 

If  the  source  and  receiver  are  not  located  on  a  boundary  but  are  near 
a  reflecting  surface,  the  response  of  the  element  will  be  directional  because 
of  the  interference  patterns  that  are  termed  the  ;'Lloyd  Mirror  effect.  "  ^ 
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It  is  to  be  emphasized  that  a  ray  is  not  a  physical  entity  but  a  representation 
of  a  local  plane  *>.r»vs  -  a  ray  arrival  implies  an  extended  wave  surface 
that  propagates  in  the  ray  direction.  When  the  source  and/or  receiver  are 
near  a  boundary  surface,  one  part  of  the  wave  will  arrive  directly  at  the 
element  and  another  section  of  the  wave  will  arrive  by  a  reflected  path. 

Inasmuch  as  the  net  path  differences  are  small  and  occur  in  the  immediate 
region  of  the  element  and  the  reflection,  the  phase  difference  of  the  two 
arrivals  must  be  accounted  for.  This  leads  to  a  modulation  of  the  intensity 
that  depends  on  the  angle  of  arrival  and  is  givenby  the  directivity  function 

g(z ,  X. ,  0)  =  4  sin2  sin  ej  (IV.  21) 

for  complete  reflection  from  the  sea  surface.  z  is  the  depth  of  the  source 
or  receiver,  \  is  the  wavelength,  and  0  is  the  arrival  angle.  If  the 
directivity  patterns  of  (IV.  21)  are  plotted  for  various  values  of  the  para¬ 
meter  (z/\)  =  r  ,  then  g(z  K,0)  is  small  for  al'  9  for  r  approxi¬ 
mately  zero  but  becomes  highly  rosetted  for  values  of  r  of  order  two 
or  greater. 

The  meaning  of  (IV .  21 )  becomes  unclear,  however,  as  r  is 
extended  beyond  values  of  two  or  three.  For  shallow  angles  that  carry  most 
of  the  acoustical  energy  in  long-range  propagation  and  for  large  r  the 
use  of  (IV.  21)  implies  that  the  effective  region  of  reflection  occurs  at  a 
large  range  from  the  arrival  point.  In  turn  the  phase  relatior  ships  between 
the  two  arrivals  become  increasingly  less  predictable  at  the  same  time  that 
the  directivity  factor  is  becoming  increasingly  sensitive  to  small  angular 
displacements.  (IV.  21)  has  been  truncated  in  the  present  program  for 
these  reasons  to  have  the  form 

g(z,  \,G)  =  4  sin2  sin  ©j  0  <  z  <  r\ 

=  1  r\  <  z  (IV.  22) 

r  is  a  program  input  parameter. 
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(IV,  22)  ac  :ounts  for  the  major  wavelength  dependence  of  the  trans¬ 
mission  losses  that  are  computed  when  the  program  is  applied  to  shallow 
sources  and/or  receivers. 

Figure  13  show*?  a  printout  of  an  intensity  calculation  that  is  described 
in  Chapter  IV-4.4.  I,  From  this  data  a  number  of  plots  can  be  obtained 
giving  transmission  loss  as  a  function  of  range  for  designated  wavelengths 
and  depths.  One  of  these  is  shown  in  Fig,  14  as  a  prediction  of  the  experi¬ 
mental  data  shown  in  Fig.  16,  Figures  33  and  34  are  taken  from  the  same 
intensity  calculation:  Fig.  33  shows  the  transmission  loss  for  wavelengths 
15,  50,  and  114  meters  for  a  source  at  a  depth  of  500  meters  and  Fig.  34 
shows  the  transmission  loss  for  the  same  wavelengths  for  a  source  depth 
of  5000  meters.  (In  the  calculations  the  receiver  was  fixed  at  a  depth  of 
1  00  meters  and  the  source  was  towed.  See  Chapter  IV-4.  12.) 

The  directivity  function  of  (IV.  22)  was  applied  to  the  100-meter 
receiver,  the  origin  of  the  ray  traces,  for  the  wavelengths  of  50  and  114 
meters.  It  was  applied  to  the  towed  source  at  30  meters  depth  for  all 
the  wavelengths.  For  the  receiver  the  50- meter  wavelength  gives  a 
maximum  power  at  the  horizontal  angle  of  ±7.2°  and  this  couples  to  a 
well-defined  arrival  structure.  At  114  meters,  however,  the  angle  is 
±16.6°,  so  that  most  power  becomes  lost  in  bottom  interactions.  The 
lobe  maxima  for  the  30-meter  deep  source  and  wavelengths  15  and  50 
meter  s  are  ±  7.  2  °  and  ±  24.  7  0,  respectively,  and  at  1 1 4  meter s  wavelength 
the  full  maximum  is  not  attained  even  for  90°  rays.  For  the  depths  of 
Figs.  33  and  34  no  source  directivity  functions  were  applied. 

The  plots  of  these  figures  show  the  emphasis  given  to  convergence 
zone  structure  by  the  50- meter  wavelength  not  only  because  the  ±7.2° 
lobes  provide  strong  illumination  in  favorable  ray  directions  but  because 
the  lobe  minimum  at  ±  14.  5°  suppresses  the  contributions  from  the  bottom 
interactions . 

A  modification  similar  to  (IV.  22)  should  be  applied  to  a  hydrophone 
that  is  mounted  near,  but  not  on,  the  bottom.  This  has  not  been  attempted 
in  the  present  program  because  an  adequate  approximation  to  (IV.  22) 
would  require  that  the  complex  (magnitude  and  phase)  bottom  reflection 
coefficient  be  known. 
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4.  3.  Intensity  Calculations 

The  ray  tracing  solution,  Chapter  III,  together  with  the  loss  factors 
and  weighting  functions  of  Chapter  IV-4.  2,  allows  an  estimate  to  be  made 
of  the  power  flow  from  the  source  that  can  propagate  to  increasing  ranges, 
Close  to  the  origin  all  the  rays  must  be  evaluated,  i.e.  ,  rays  with  initial 
angles  from  +90®  to  -90°,  but  most  of  these  will  strike  the  bottom  at 
steep  angles  and  will  be  strongly  attenuated.  The  effective  power  flow 
is  limited  to  the  regime  of  rays  that  illuminate  a  relatively  shallow  solid 
angle  -  this  is  described  as  a  transition  from  spherical  to  cylindrical 
spreading. 

The  detailed  bathymetry  local  to  a  source  can  profoundly  influence 
this  transition,  as  has  been  indicated  in  the  multiplots  of  Figs.  10  and  11. 

It  is  a  good  approximation  to  assume  that  the  sound  velocity  structure  near 
the  origin  will  be  stable  so  that  if  the  bathymetry  in  this  region  is  well 
defined  and  the  loss  factors  correspond  to  experiment,  the  fraction 

of  the  source  power  that  is  effectively  radiated  into  the  far  field  can  be 
determined  with  fair  precision. 

The  present  chapter  gives  a  description  of  how  the  detail  obtained 
in  the  ray  tracing  solutions  can  be  used  not  only  to  determine  the  fractional 
power  from  the  source  but  to  construct  x'ertical  distributions  of  the 
sound  intensity  as  a  function  of  range.  The  intensities  are  readily  converted 
into  transmission  loss  values  through  (IV.  1).  The  derivations  given 
represent  the  calculation  of  a  phase- independent  intensity,  as  discussed 
in  Chapter  IV- 1.4,  and  it  is  again  emphasized  that  the  results  apply  as 
spatial  and/or  time  averages  of  the  more  complex  multipath  interferences. 

4.  3.  1.  Addition  of  Arrival  Structure 

The  intensity  of  a  single  arrival  will  be  the  product  of  the  spreading 
loss  (IV.  4)  and  the  factors  of  Chapter  IV-2,  i.  e.  , 


l(R,z,T,v.)  =  *(r,z,t,v.) 


/  \  r  ,  cos  0 

(R,  z,t,v.)  -  I,  afl  y  g  g 

\  i )  yd  R  c os  9  r  r  &0  b 


’o  °d 


(IV.  23) 


(IV.  24) 
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The  notation  of  (IV.  2!)  and  (IV.  24)  has  been  extended,  principally  by  the 
symbolic  use  of  v.  to  represent  the  model  velocity  field  and  other 
environmental  data  inputs  which  are  necessary  to  construct  a  given  ray 
tracing  solution .  r  designates  the  individual  rays  from  the  origin  and 
(R,  z )  is  the  position  in  the  field  at  which  the  intensity  is  evaluated.  gQ 
is  the  directivity  factor  that  may  apply  to  the  rays  from  the  origin  of 
the  ray  tracing,  g^  is  the  detector  directivity  factor  at  (R,  z)  ,  and 
all  the  factors  a  ,  p  >  y  ,  gQ  ,  and  g ^  will  depend  on  the  ray  para¬ 
meters  and  the  history  of  the  ray  as  it  propagates  from  the  origin  to 
(R,  z)  .  «J)  ^R,  z,  t  ,  Vjj  is  to  be  considered  a  weighting  function  for  each 
ray;  the  function  also  depends  on  the  wavelength  but  this  has  not  been 
indicated  explicitly  in  the  notation. 

The  pha so- independent  intensity  is  given  by  (IV.  8)  as  the  sum  of 
the  arrival  intensities.  This  is  represented  by 


/  \  r  t  \  HT,T(R'z'vi 

iju.z.vj  =  f  *(r,z,t,v.)  M^Ri;-T(Vy 


dT 


(IV.  25) 


The  6-function  in  (IV.  25)  is  the  conventional  sifting  operator  with  the 
properties 


F(x)  =  /  F(x')  fj(x-x')  dx' 


(IV.  26) 


1  =  /  6  (x-x')  dx' 


(IV.  27) 


and,  as  used  in  (IV.  25),  it  expresses  the  stipulation  that  the  only  contribution 
to  the  integral  comes  from  those  arrivals  whose  initial  t -directions  give 
rays  that  pass  through  (R,z)  .  The  function  t  =  t^R,  z,v.j  indicates 

that  at  range  R  and  for  the  field  w  the  t-  directions  that  arrive  at 
depth  z  have  been  identified  by  use  of  the  ray  depth  distribution  plots 
such  as  those  of  Figs.  11,  31,  and  32. 

The  notation  of  (IV.  23)  and  elsewhere  is  appropriate  for  continuous 
functions  -  indeed,  if  the  velocity  field  and  the  bottom  profiles  possess 
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continuous  derivatives,  the  ray  tracing  solution  will  be  a  continuous  function. 


Technically,  however,  this  function  is  approximated  in  the  computer 
solution  by  printouts  at  discrete  {R,  z)  positions  for  increment  x -directions . 

The  application  of  (IV.  25),  using  the  computer  solutions,  is  repre¬ 
sented  graphically  in  the  lower  part  of  Fig.  35.  Rays  with  initial  angles 

0j . have  been  traced  to  range  R  and  produce  a  map  of  the 

rays  to  the  depths  ,  ,  .  .  ,  z j ^  Three  cycles  of  the  depth  distribution 

have  been  indicated  in  Fig.  35  and  each  cycle  represents  a  single  arrival. 

To  determine  the  summed  intensity  at  a  depth  z  ,  a  vertical  line  is 
constructed  in  Fig.  35  which  selects  the  three  initial  angles  that  would  map 
to  the  depth  z ^  at  range  R 

The  (Stiltjes)  integral  in  (IV,  25)  measures  the  contribution  of  each 

arrival  as  a  product  of  $|r,z,t,v^  and  l/M^R,  z,t,  v.j  .  The  former 

depends  on  the  history  of  the  ray  and  the  latter  is  calculated  by  (III.  22 

of  Chapter  III)  as  a  limiting  ratio  of  Az/AtJ  ,  provided  this  ratio  can 

R 

be  defined.  The  existence  of  the  limit  is  assumed  in  Fig.  35  and  is  also 
implied  by  the  assumption  of  a  well-defined  arrival  structure. 

The  ray  depth  distribution  plots  of  Figs.  11,  31,  and  32  indicate 
that,  for  increasing  range  and  as  a  function  of  the  detailed  structure  of 
the  input  velocity  field  and  bottom  profiles,  the  function  t  ^3.  -z-vj) 
becomes  increasingly  erratic  and  random,  at  least  on  the  scale  of  the 
initial  angle  increments  used  for  these  plots.  The  comments  on  this 
behavior  given  at  the  end  of  Chapter  III  suggest  that  when  this  occurs  it 
reflects  a  complex  physical  environment,  also,  if  the  functions  are 
"filled  in"  by  more  detailed  computation,  it  is  just  this  structure  which 
is  most  sensitive  to  small  variations  of  the  input  model. 

The  transition  to  random  arrivals  is  indicated  at  the  top  of  Fig.  35 
for  which  the  depths  calculated  for  successively  incremented  initial 
angles  near  0^  do  not  form  a  continuous  pattern  and  do  not  permit  the 
magnification  function  to  be  calculated.  The  ray  theory  states  that  the 


flux  I  ,  dr  is  transformed  to  the  flux 
yd 


I  .  dz 
d 


but  does  not  indicate 


the  degree  to  which  the  flux  is  spread  over  the  depth  of  the  ocean  at 


range  R 


In  short,  if  (IV.  25)  is  followed  as  a  prescription  for  calculating 
intensity,  it  leads  to  ambiguities  which  can  bo  resolved  only  by  additional 
computation  that  is  very  likely  to  be  physically  meaningless.  It  is 
clearly  advantageous  to  rederive  (IV.  25)  to  a  form  in  which  all  the  calcu¬ 
lated  arrivals  are  treated  on  an  equal  basis  and  which  emphasizes  properties 
of  the  ray  solution  that  are  not  sensitive  to  the  detailed  structure  of  the 
data  inputs.  An  example  of  such  a  property  is  the  depth  amplitude  of 
the  oscillation  of  the  rays  about  the  sound  channel  which  is  shown  by  the 
+  and  -  limits  on  the  ray  depth  distribution  plots.  It  may  happen  that 
changes  in  the  velocity  field  v.  will  change  the  labelling  of  specific 
initial  rays  which  can  couple  to  a  position  (R,  z)  ,  i.e.  ,  a  translation 
of  the  function  r  |r,/,,  v.^  ,  but  will  not  produce  significant  changes 

in  the  computed  sound  intensity. 


4.3.2.  Ray  Probability  Density 

The  fi- function  of  (IV.  25)  identifies  the  initial  r-directions  that 
couple  to  (R,  z)  by  performing  a  sifting  operation  -  it  is  the  limiting 
form  of  a  probability  distribution  in  which  t  is  considered  a  function 
of  the  variables  and  a  strict  functional  dependence  exists 

between  r  and  these  variables  due  to  the;  ray  tracing  solution.  Specifi¬ 
cally,  it  is  possible  to  make  the  correspondence 


|jr- t^R  ,z,  wj  —  w^t  |ll,  z,v. 


fill  v/Jr.z.t.v.]  dRdzdrdv.  - 


R  Z  TV. 

1 


(IV.  28) 


in  which  w^t|R,  z.v^j  is  the  conditional  probability  density  that  the  ray 
tracing  solution  in  the  model  field  v.  will  yield  a  ray  with  an  initial 
direction  specified  by  t  that  maps  to  the  position  (R,z). 

The  general  expression  of  possible  relationships  between  the 
variables  will  be  given  by  the  joint  probability  density  w^R,  z,r,v.]  with 
the  normali zatJ on 


(IV. 29) 
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A  number  of  marginal  distribution  densities  can  be  derived  trom  the  joint 
distribution  density  and  further  simplifications  can  be  made  by  choosing 
products  for  which  the  distribution  densities  are  independent.  For 
example,  the  two-dimensional  density  W[T>  vj]  can  factored  as 
w(r)  w(vj)  because  the  choice  of  initial  ray  directions  will  not  depend 
on  the  probability  of  different  types  of  velocity  fields. 

Of  the  four  variables  of  the  joint  distribution,  two  may  be  specified 
and  these  will  be  chosen  as  the  position  (R,  z)  ,  It  follows  that  the 
greatest  interest  is  on  the  conditional  distribution  density  w^z,-r,vjRj  , 
i.e.,  the  density  of  z  ,  t  ,  and  v.  at  a  fixed  range  R  ,  and  this  is 
related  to  the  joint  distribution  by 


w[z,T,v.  |R 


■)  - 


^R.z.r.v.) 


w(R) 


(IV.  30) 


The  conditional  density  of  (IV.  30)  can  be  factored  as 


w  Z,T, 


'{ z  |R,t,v.)  w(t)w^v.J 


Also,  by  definition  of  the  magnification  factor, 


(IV.  31) 


m(r,  z,t,  v.j 


dz 

dT 


R,  Z.T,  V. 


(IV.  32)' 


it  follows  that 


M(R,  z , r , 


(IV.  33) 


When  all  of  these  operations  are  combined  in  the  integral  of  (IV.  25)  together 
with  the  replacement  (IV.  28),  the  intensity  in  the  model  velocity  field  w 
bee  omes 


/  \  r  f  \  w(z«T*vilR] 

l(R,z,v.)  =  /«t>(R,z,T,v.)  W-(T— (7-y- 


dT 


(IV.  34)’ 
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The  intensity  that  would  be  measured  at  (R,  z)  as  an  average  over  al) 
possible  velocity  fields  is  obtained  by  multiplying  (IV,  34)  by  W(v.)  and 
taking  the  average  distribution 

,  ,  W(Z,T,V  jR) 

I(R,z)  =  J  J  4>  (R.z.r.v,  )  ^ : - drdVi 


(IV.  35) 


T  V. 

1 


Equation  (IV.  35)  is  the  basic  result  of  this  chapter.  Its  significance 
becomes  clear  if  it  is  assumed  that  the  velocity  field  is  single  valued  and  is 
given  by  v  .  The  integral  over  d  v.  in  (IV,  35)  decreases  the  order  of 
the  marginal  density  of  the  integrand  and  the  weighting  function  <(>  {R,  z,t  ,  vsj 
is  a  constant  for  the  integration. 


W(Z,T  |R,  v  ) 

I(R,z,vs)  -  J  *{  R,z(t,vs)  - ^ -  dx 


(IV.  36) 


The  integral  over  r  in  (IV.  36)  further  reduces  the  order  of  the  density 
function  to  give  a  probability  density  that  depends  on  depth  alone;  specifically, 
(IV.  36)  shows  that  the  acoustical  intensity  at  position  (R,  a)  is  the  weighted 
probability  density  by  which  the  arrival  structure  is  mapped  from  the  origin 
into  the  depth  of  the  ocean  at  range  R  The  weighting  function  in 


4>  (R,  z,Tl  vB) 
w(t) 


(IV.  37) 


When  uniform  increments  are  chosen  for  r 
ir  r  ,  if  r  , 

<  t  -  and 


interval 


w(t)  is  uniform  in  the 


w(t)  = 


tt  r 


yd 


(IV.  38) 


For  a  stable  velocity  field  (IV.  36)  can,  of  course,  be  returned  to  the 
original  form  (IV.  25)  by  reintroducing  the  magnification  functions.  (IV.  36), 
however,  is  the  more  general  form  for  the  mapping  operation  that  is  implied 
by  ray  tracing  and  furthermore  (IV,  36)  permits  a  standard  statistical  inter¬ 
pretation  independently  of  the  determination  of  the  magnification  functions. 
The  immediate  advantages  of  this  method  are; 


-93- 


i)  When  a  large  number  of  ra/s  are  traced  the  entire 
arrival  structure  that  can  contribute  to  the  field  is 
included. 


ii)  ib  Veil  tl  lulls'll  cue  uj.d^HiJ.xcauuu  luucuuuo  DucOITlt; 

erratic,  (IV.  36)  is  fully  equivalent  to  (IV.  25)  provided 
that  the  resultant  field  distribution  can  be  considered 
stationary. 

iii)  When  small  changes  of  the  velocity  field  arc  con¬ 
sidered,  (IV.  35)  indicates  that  the  variables  z,  and 
r  at  range  R  are  no  longer  related  by  a  set  of 
single- valued  functions  but  must  be  interpreted  as 
distributions . 

iv)  The  calculation  of  (IV.  36)  is  a  straightforward  computer 
sort  program  in  which  the  rayB  that  are  labeled  by 
their  initial  angles  are  reordered  in  terms  of  their 
depths  at  a  given  range. 

v)  It  is  at  least  useful  that  this  interpretation  of  the 
intensity  is  in  a  direct  correspondence  with  the  density 
of  the  rays  that  are  printed  out  as  multiplot  distributions, 
e.  gi  ,  Figs  .  i  0  and  17  . 


4 .  4.  Types  of  Intensity  Distributions 

In  the  general  expression  for  the  average  intensity  in  the  field, 

(IV.  35),  the  single  symbol  v.  is  used  to  differentiate  among  velocity 
fields.  Such  notation  is  highly  simplified  and  unspecific  with  respect 
to  the  complex  time-dependent  temperature  and  salinity  changes  that 
will  occur  in  the  ocean.  The  application  of  (IV.  35)  is,  of  course,  straight¬ 
forward  in  principle  but  becomes  unrealistic  in  practical  application.  It 
requires  that  a  nearly  continuous  sampling  be  made  of  the  velocity  field 
over  a  long  period  of  time,  that  the  ray  tracing  calculations  be  made  for 
each  velocity  field  mea:  irement,  and  these  data  are  then  to  be  further 
averaged  over  all  velocity  fields  for  comparison  with  experimental  acoustical 
data  that  are  taken  simultaneously  with  the  velocity  data  and  are  averaged 
over  the  same  time  period.  The  procedure  would  be  significant  only  if  all 
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other  input  data,  e.g.  ,  bottom  losses,  absorption,  etc.  ,  were  known  with 
sufficient  precision  so  that  the  method  would  constitute  a  true  test  of 
the  averaging  procedures. 

Instead,  most  calculations  are  made  on  the  basis  of  a  model  velocity 
field  which,  it  is  hoped,  is  at  least  representative  of  the  field  at  the  time, 
of  an  experiment.  Very  little  is  known,  at  least  for  long-range  acoustical 
propagation,  of  measures  of  the  extent  to  which  changes  of  the  velocity 
field  will  modify  the  transmission  loss  between  a  given  source  and 
receiver.  It  has  been  emphasized  in  preceding  chapters  of  this  report 
that  rcyjr e sentat.ive  environmental  data  inputs  for  a  given  ray  tracing  lead 
to  complex  arrival  structure:  it  is  a  pragmatic  conclusion  that  although 
the  replacement  of  a  given  velocity  field  by  a  "smoothed"  average  field 
may  greatly  simplify  the  calculated  arrival  structure,  it  does  not  follow 
that  the  resultant  acoustical  field  is  itself  representative.  A  more  for¬ 
mal  statement  of  this  conclusion  is  obtained  by  noting  that  the  weighting 
and  probability  density  functions  in  the  integral  of  (IV.  35)  are  not  separable 
except  under  special  assumptions. 

In  the  present  chapter  intensity  calculations  arc  made  or  are  indicated 
for  three  different  assumptions.  As  classifications,  these  are: 


Type 

Applicable 

Range 

Velocity 

Field 

Intensity 

I 

Short 

Stable 

Requires  calculation  of 

relative  phase  of  arrivals 

via  (IV.  7)  or  method  of  Appendix 

II 

Intermediate 

"Stable" 

Range  dependent  intensity 
following  (IV.  36) 

III 

Long 

Stable  in 

profile 

structure 

Averaged  in  range  over,  roughly, 
a  convergence  zone  interval.  No 
resolvable  arrival  structure. 

The  Type  J  calculation  is  a  limiting  case  that  will  not  be  typical  of  long-range 
propagation  for  it  assumes  that  the  velocity  field  will  be  so  stable,  that  the 
relative  phases  of  arrivals  are  also  stable.  The  Type  II  and  Type  III  calcu¬ 
lations  are  discussed  subsequently. 
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4.4,  1.  Type  II  Intensity  Calculation 

At  a  given  ranee  R  and  for  a  velocity  field  v_  ,  the  computer 

w  a 

solution  does  not  give  a  continuous  functional  relationship  between  t  and 
the  depth  /  ,  out.  a  set  01  pi'xiuout  data  that  ta  istcrcT 

integral  (IV.  36)  is  to  be  replaced  by  the  finite  sum 


»n+ir>  <1  i  n 


I(R|Z,vs)  ~  £  *  (R,  z«Tj, 


w 


(Z-Ti  lR' v8) 


v  ) 
8  t 


w(Tj) 


At 


(IV.  39) 


The  assumption  of  a  "stable"  velocity  field  vg  demands  that  there  be  a 
specific  Zj  depth  for  each  m-ray.  What  is  required,  however,  is  an 
estimation  of  the  continuous  function  of  depth  I(R,z,v  )  that  is  obtained 
from  the  discretely  sampled  input  data  points,  the  Zj  .  A  standard  pro¬ 
cedure  for  this  uses  sampling  functions.  The  depth  density  function  of 
(IV.  39)  is  expanded  as 


W<Z,Tj  |R,Vg)  =  W  [<Z  -  Z.)|T.,R,Vg]  W(T 


j' 


(IV.  40) 


where  w^z-Kj)  |T^,R,vgj  is  the  conditional  density  for  displaceriients  of 
z  from  the  depths  z.  for  given  values  of  the  other  parameters.  At  this 
stage  it  is  simpler  to  drop  the  explicit  labeling  of  these  parameters  and  to 
write  w(z  -  z^)  without  ambiguity.  The  interval  At^  is  selected  in 
terms  oi  an  angular  input  in  the  ray  tracing  program.  If  N  rays  are 
traced  that  are  equally  spaced  over  the  range  of  t 


v  r 


At 


N 


lA 


(IV.  41) 


and  (IV.  39)  becomes 


1  (R>  z  >  vs)  = 


tt-  r 


N 


Y  3>  (R,Z,x  .,vg)  W(Z-  Z.) 


(IV.  42) 


For  normalization  in  depth  from  the  surface  to  the  bottom  depth 
necessary  that 
z , 


/ 

0 


B 


W(Z  -  Zj)  dz  =:  1 


for  all  z. 


1 


it  is 


(IV.  43) 
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A  number  of  sampling  functions  can  be  used  for  the  smooth  esti¬ 
mations  I(R,  z,v  j  ,  e.  g.  ,  histogram  plots,  (sin  x)/x  ,  triangles, 
etc.  Th*or  H»»l<>rtion  is  arbitrary  in  the  limit  of  large  N  In  the 
present  program  two  functions  are  immediately  available: 


L  ir  z , 


,P2~Zi>^ 
'l  Z  B 


2p 

w  =  - -c —  exp 

C.i  .  / — 

sAT  zB 


(K-Zi>p 


B 


(Lorentz) 


(Gauss) 


In  (IV.  44)  and  (IV.  45)  the  choice  of  a  small  constant  p  represents  a 

large  uncertainty  ir.  the  depth  of  a  given  arrival,  but  the  choice  of  too 

large  a  value  for  p  will  isolate  the  distribution  of  I(P.,z,v  ,  to  the 

neighborhood  of  individual  arrivals.  From  statistical  considerations  that 

are  based  on  the  reliability  of  sampled  estimates  p  should  be  of  the 
1/3  1/2 

order  of  N  '  to  N  with  the  larger  number  being  applicable  when 

the.  intensity  distribution  can  be  assumed  to  be  a  smooth  and  uniformly 
sampled  function  of  depth. 

As  an  example  of  the  use  of  (IV.  44)  and  (IV.  45),  a  fictitious  output 
data  tape  from  the  ray  tracing  program  was  prepared  with  depth  entries 
given  by 


z.  =  5000  -  2500  sin  ■—  j  ;  -  J  £  j  "S  J  , 

J  ^  J 

j  ,  J  integer 

In  the  limit  of  very  large  J  the  theoretical  distribution  density  lor  the 
input  data  of  (IV.  46)  is  given  by 

\v(z)  =  - - - J -  ;  2500  <  z  £  7500 

0(25 00)Z  -  (5000  -  z)Z 

=  0  ;  | 5000  -  z|  >  2500 


(IV.  44) 


(IV.  45) 


(IV.  46) 


(IV. 47) 
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Figure  36  indicates  the  smoothing  effected  by  the  two  sampling 

functions  when  J  =  15  ,  i.e.,  6°  increments  in  (IV.  46),  and  for  the 

coarse  parameter  p  =  5  and  for  the  finer  resolution  of  p  =  25 

The  bottom  deoth  z_  was  taken  to  be  10.000  Imetersl.  Figure  36 
*  a  • 

clearly  indicates  the  effect  of  the  much  longer  "tail"  of  the  Lorentz  function. 

(IV.  42)  lias  been  derived  on  the  assumption  of  a  stable  velocity 
field  and  the  choice  of  wp-  up  was  made  on  the  basis  of  sampling  theory. 
An  alternative  and  less  restrictive  derivation  of  (IV.  42)  is  obtained  by 
the  direct  assumption  that  the  average  effect  of  variations  of  the  velocity 
field  in  (IV.  35)  leads  to  the  density  function  of  (IV.  40)  and  thus  to  (IV.  42). 
This  interpretation  demands  that  the  representative  field  of  the  calcu¬ 
lation,  v  ,  is  the  average  velocity  field.  Also,  the  choice  of  a  particular 
w(z  -  z.)  density  is  no  longer  arbitrary  but  must  be  guided  by  oceano¬ 
graphic  experience. 

The  construction  of  the  intensity  distribution  by  use  of  density 
functions  also  serves  for  the  averaging  of  the  acoustical  field  in  the 
neighborhood  of  foci  or  caustics.  When  the  arrival  structure  is  well 
defined  in  the  ray  depth  distr ibution  plots  there  will  be  certain  depths  at 
which  the  magnification  function,  dz/dr  ,  becomes  zero  -  in  fact,  as 
discussed  in  the  Appendix,  the  intensity  at  these  depths  will  be  finite  and 
will  be  spatially  spread  by  diffraction  effects.  The  latter  will  be  more 
typically  represented  by  the  Gaussian  density  function  of  (IV.  45)  which 
has,  very  roughly,  the  shape  of  the  fall  off  of  intensity  in  a  Fresnel 
shadow.  Although  the  turning  points  of  the  ray  depth  distribution  plots 
require  no  special  treatment  in  the  present  program,  following  (IV.  42), 
they  are,  of  course,  regions  of  high  intensity  because  of  the  high  prob¬ 
ability  of  T-arrivals  in  these  regions.  However,  the  "spreading"  factor, 
p  ,  of  (IV.  44)  or  (IV.  45)  is  to  be  limited  to  a  maximum  upper  value 
when  used  to  express  diffraction  spreading. 

It  is  an  obvious  defect  of  the  Type  II  calculation  that  the  distribution 
densities 

i)  for  velocity  field  averaging, 

ii)  for  estimating  the  smoothed  intensity  distribution 
based  on  N  data  points,  and 


w(z  -  Zj)  are  used  for  three  quite  independent  reasons,  i.e., 
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iii)  for  averaging  diffraction- limited  fields. 

Another  important  factor  that  effectively  limits  the  Type  II  calcu¬ 
lation  is  the  long  running  time  requirement  for  the  ray  tracing  program 
on  our  present  computer  anu  the  implied  pressures,  economic  and  Opera¬ 
tional,  for  reducing  the  number  of  rays  traced,  N  ,  to  a  minimum. 

Some  relief  in  this  direction  is  obtained  by  tracing  only  the  shallower  angle 
rays  on  the  assumption  that  steeper  rays  are  so  severely  attenuated  that 
they  are  ineffective;  this  must  be  tested  by  monitoring  the  attenuation 
factors  that  apply  to  the  steeper  initial  angles. 

In  view  of  these  problems  and  the  data  uncertainties  themselves, 
it  is  recommended  that  the  Type  II  intensity  calculation  be  deliberately 
"over- averaged"  by  the  choice  of  a  small  p  in  (IV.  44)  or  (IV.  45)  with 
a  value  not  to  exceed  20,  This  choice,  at  present,  is  arbitrary;  it  also 
implies  that  the  number  of  rays  that  are  traced  be  of  order  200. 

Finally,  it  is  emphasized  that  the  Type  II  calculation  is  based  on 
specific  assumptions,  i.e.,  (IV.  40),  and  the  type'  of  field  chosen,  the 
depths  of  the  source  and  receiver,  the  degree  of  bottom  scattering,  the 
presence  of  horizontal  gradients,  etc.  It  would  not  be  expected  that  the 
Type  II  assumptions  would  apply  to  a  low-frequency,  shallow  source  in 
a  thermocline  that  shows  a  strong  diurnal  variation  for  in  this  physical 
situation  the  range  period  of  the  rays  that  cycle  about  the  sound  channel 
would  depend  strongly  on  the  surface  thermocline.  On  the  other  hand, 
if  the  source  is  at  or  near  the  sound  channel  axis  the  shallow  rays  from 
the  source  will  not  be  affected  by  the  thermocline,  the  steep  rays  will  be 
only  partially  affected,  and  only  the  rays  that  make  nearly  grazing  angles 
with  the  surface  will  be  sensitive  to  the  thermocline  variations.  If, 
indeed,  a  given  physical  situation  can  be  as  clearly  defined  as  in  this 
example,  it  becomes  appropriate  to  introduce  further  refinements  such 
as  making  the  density  width  parameter  p  a  function  of  t  .  Generally, 
however,  decisions  of  this  type  are  possible  only  after  detailed  examina¬ 
tion  of  the  ray  depth  distribution  plots  and  when  specific  features  of  the 
plots  can  be  traced  to  environmentally  sensitive  sections  of  the  input 
data. 
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4.4.2.  Type  III  Intensity  Calculation 

When  a  ray  is  traced  to  long  ranges,  it  will  continue  to  show  an  oscil- 


in  uc  CuariCtcnzeu  Oy  wit;  uepm  ampii- 


tude  of  this  oscillation  and  the  range  period.  Also,  there  will  be  a  ray 
angle  at  any  given  depth  cue  to  the  cycling  of  the  ray.  The  precise  (R,  z) 
position  due  to  a  given  T-initial  direction  becomes  increasingly  uncertain 
with  range,  however.  This  would  be  expected  because  of  the  sensitivity  of 
the  range  periods  to  details  of  the  velocity  profile  structure  and  is  also 
evidenced  by  the  scatter  of  the  arrival  positions  for  small  angular  incre¬ 
ments  of  the  initial,  ray  angles. 

The  Type  III  intensity  calculations  provide  an  estimate  of  the  acoustical 
power  that  is  spreading  cylindrically  by  assuming  that  each  ray,  modified  by 
the  weighting  function  <j>(R,  z,  r  ,  vg)  ,  delivers  its  fraction  of  the  source 
power  through  a  cylindrical  shell  at  an  average  range  Rq  .  The  power 
carried  by  the  ray  has  a  distribution  that  is  characteristic  of  the  depth 
amplitude  and  ray  angle  of  the  oscillating  ray  but  the  ray  position  in  range 
is  assumed  to  be  completely  uncertain. 

To  express  this  assumption  it  is  convenient  to  return  to  the  joint 
distribution  w(R,z,t,v.)  of  (IV.  29)  and,  using  (IV.  30),  to  expand  the 
averaging  of  (IV.  .35)  to  express  the  range  average, 


R 

o  2 


1  (Ro'  z) 


i  S  .  !  /  ♦<r.*.t,v4) 


R-| 


T  V. 
1 


w{R,z,t,  Vj) 
w(t)  w(R) 


d  R  dT d  v.  .(IV.  48) 


The  bar  over  the  intensity  in  (IV.  48)  shows  the  range  averaging  over  an 
interval  .  The  assumption  of  the  Type  III  calculation  consists  in 

replacing  (IV.  48)  by 


I(R0*Z)  =  /  <HVz.1',vs) 


W(Z,T  |  R,  vg) 


(IV.  49) 


where  the  bar  over  w^z,  t  |  R,  vgj  indicates  a  similar  range  average,  and 
it  is  also  assumed  that  the  model  or  representative  field  vg  is  suitable  as 
an  average  field  for  the  calculation. 
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Analogously  to  (IV.  47)  the  range-averaged  density  of  (IV.  49)  can  be 
estimated  as 


w{z,  t  |  R,  vs) 
with  Q(z)  defined  by 


tan  0 


Q  (*) 


(IV.  50) 


Q(z)  =  0  ,  0  z  <  z  ,  and 


%<  SZB 


Q  (z)  =  1  ,  z  <  z  <  z 


(IV.  51) 


In  (IV.  50)  and  (IV.  51)  z  is  the  minimum  depth  of  oscillation  of  the  ray  t 
z  is  the  marimum  depth  of  the  oscillation,  and  the  range  interval  between 
the  se  two  depths  is  given  by  j/t\i  .  z  and  z+  are  to  bracket  the  center 
range  R  Q(z)  expresses  the  probability  that  the  ray  does  not  carry 

(appreciable)  energy  outside  the  depth  interval  in  which  it  oscillates.  It 
follows  that 


I<Ro’s!)  =  I  *  (Ro’z,T’vs)  Q(z) 


A 


tan  G 


(IV.  52) 


In  (IV.  52)  Q(z)/  (  /r\  tan  fl)  plays  the  role  of  the  density  w(z,t  |  R,  v  ) 

of  (IV.  36). 

The  form  of  the  density  function  of  (IV.  52)  has  the  defect  that  near 
turning  points  where  tan  G  vanishes  there  will  be  an  infinite  contribution 
over  an  infinitesimal  depth  interval,  and  the  accidental  selection  of  such  a 
depth  would  give  a  contribution  that  would  dominate  all  other  arrivals.  To 
provide  averaging  over  a  depth  interval  it  may  be  noted  that  tan  0  =  dz/dR 
and  M  depth  intervals  can  be  selected,  each  of  depth  /z\  with 


(IV.  53) 


This  averaging  yields 
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f  1,1 _ 

i,TT  =  -k  i  i(R,.*z)  dz 


AX 


“ _  i 

m-  1 


(IV. 54) 


A 


/  /  4>  <R0-  Z>T-VS)  O(z)^1  dR 


r  z 


rn-  1 


a. 


(IV. 55) 


=  i  I  ^(Ro’Zm*T*Vs)Q(z)7T”  ^  '  (IV'5f,) 
AX  T  il± 


In  (IV.  56)  the  attenuation,  spreading,  and  directivity  functions  constituting 
<{>  have  been  expressed  as  an  average  value  in  the  depth  interval  given  by 
and  the  change  in  range  of  the  ray  through  the  depth  interval  from 


m 


z  .  to  z. 
m- 1  m 


has  been  expressed  by  /Q\  .  It  is  straightforward  to 

show  that  the  integral  of  (IV.  56)  over  the  full  depth  of  the  ocean  represents  thi 
net  power  that  propagates  cylindrically  at  the  range  Rq 

In  the  present  program  the  form  of  (IV.  56)  presents  a  minor  difficulty 
in  its  demand  for  the  range  intervals  /r\  at  which  the  ray  crosses  pre¬ 
set  depths.  (The  output  of  the  ray  tracing  program  consists  of  printouts  of 
the  depths  at  which  the  ray  crosses  given  ranges.  )  To  obtain  the  /lXs 
and  also  the  angles  0  at  the  center  of  each  depth  interval,  interpolations 
are  used  and  the  result  is  then  summed  over  t 

The  Type  III  assumptions  will  be  most  applicable  when  the  velocity 
field  is  stable  at  the  origin  of  the  ray  tracing  and  the  prevailing  bathymetry 
is  well  defined  in  that  region.  This  implies  that  the  field  distribution  and 
itti  angular  aperture  are  well  defined  as  the  sound  spreads  from  the  source 
region  at,  for  example,  the  range  of  Fig.  17.  Subsequently  and  at 

much  greater  ranges  the  field  is  averaged  by  (IV.  56);  but  the  function 

7‘rn’T,vs)  still  involves  functions,  especially  the  bottom  attenuation 
,  that  are  evaluated  at  the  precise  positions  that  are  calculated  by 
the  specific  ray  tracing  solutions  in  the  representative  field  v 


If  the  bottom  is  deep  and  relatively  smooth  from  the  range  R 


to  the  range  at  which  the  intensity  is  determined  by  the  Type  III  calculation: 
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the  <f> -  functions  will  be  good  approximations  even  with  respect  to  averages 
over  different  types  of  velocity  fields  w  ;  however,  this  may  not  be 

true  if  there  is  a  atrnntr  ne  rturha  tinn  nf  the  ra  \t  snlntion  at  an  intermoriiate 

&  *  / 

range,  e.  g.  ,  the  seamount  structure  in  Fig.  17.  If  the  Type  III  calculation 
is  applied  to  a  further  range  after  the  seamount  obstruction,  it  is  necessary 
to  assume : 

i)  the  velocity  field  from  Rj  to  in  Fig.  1 7  is 

stable  and  the  seamount  bathymetry  and  the  bottom 
attenuation  functions  are  known  so  that  the  field  distri¬ 
bution  and  aperture  a ftcr  the  seamount  have  been  well 
calculated  by  the  ray  tracing,  or 

ii)  the  averaging  procedure  expressed  by  (IV.  49)  applies  over 
the  entire  ray  path;  also,  the  net  interaction  with  the 
seamount  calculated  in  the  model  field  v  is  an 

3 

adequate  average  even  though  there  may  be  detailed 
changes  that  can  occur  if  v  is  allowed  to  vary. 

That  is,  arrivals  which  may  have  missed  the  sea¬ 
mount  entirely  in  one  velocity  field  will  interact  with 
it  in  another  field  and  conversely,  but  on  the  average 
the  net  attenuation  of  the  spreading  sound  energy  will 
not  be  greatly  affected. 

The  classification  of  the  intensity  calculations  and  the  procedures 
for  calculating  these  are  based  on  explicit  assumptions  as  to  the  behavior  of  the 
field  under  averaging  of  environmental  input  parameters  and  for  given 
input  conditions  such  as  the  source  and  receiver  depths.  If  the  origin  of 
the  ray  trace  is  in  the  upper  thermocline  and  this  is  expected  to  show 
strong  variation  over  short  periods  of  time,  it  is  not  expected  that  the 
Type  II  calculations  will  apply  although  the  Type  III  calculation  may  apply 
if  surface  attenuation  can  be  neglected  and  for  large  bottom  slopes  near 
the  origin.  Usually,  however,  the  combination  of  a  near- surface  source 
in  a  changing  thermocline  will  strongly  affect  the  proportion  of  rays  which 
are  bottom  attenuated  -  for  example,  for  the  seamount  obstruction  of  Fig.  17 
and  for  a  surface  source  the  density  of  the  rays  that  pass  over  the  obstruc¬ 
tion  can  be  visualized  as  moving  up  and  down  following  the  changes  of  the 
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thermocline.  This  simple  example  emphasizes  that  if  either  a  Type  II  or 
Type  III  calculation  is  made  for  comparison  with  experiment,  it  is  essential 
that  the  model  velocity  field  v  used  in  the  calculation  be  the  average 
field. 

Guides  as  to  the  sensitivity  of  the  ray  distributions  with  respect 
to  the  environmental  conditions  can  be  obtained  from  the  ray  depth  distri¬ 
bution  plots  and,  as  required,  from  the  individual  ray  tracing  printouts. 

These  data  can  indicate  optimum  density  functions  for  the  intensity  calculations 
If  neither  the  Type  II  or  Type  III  calculations  can  be  expected  to  apply,  it 
is  at  least  useful  to  attempt  two  independent  calculations  that  are  based  on 
extremes  of  the  velocity  field  that  can  be  expected  to  occur,  and  to  compare 
the  transmission  loss  values  that  are  given  by  each  field. 
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Fig.  33.  Computed  transmission  losses  as  a  function  of  range  for  A.  N. 
Guthrie  and  J.  D.  Shaffer  environmental  data,  but  for  hypothetical  source 
at  depth  of  500  meters. 
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Fig.  34.  Computed  transmission  losses  as  a  function  of  range  for  A. 
Guthrie  and  J.  D.  Shaffer  environmental  data,  but  for  source  depth  of 
5000  meters. 


CHAPTER  V 


PROGRAM  ACCURACY 

5.1.  Program  Control  Parameters 

It  has  been  emphasized  in  the  preceding  Chapters  that  accuracy  in 
a  ray  tracing  calculation  is  necessary  to  determine  the  depth  distribution 
of  intensity  of  the  acoustical  field,  especially  the  accuracy  that  expresses 
the  ability  of  the  program  to  deal  with  and  compute  ray  paths  in  the  regions 
of  high  gradients  and  curvatures  that  are  typical  of  the  near  sea  surface 
structure  of  the  velocity  profiles.  This  is  true  whether  the  intensity  is 
calculated  for  single  arrivals  through  the  magnification  factor  (equivalent 
to  spreading  loss)  of  (III.  21)  or  through  the  averaging  procedures  of  Chapter 
IV  which  do  not  require  direct  determination  of  the  magnification  factor. 

On  the  other  hand,  it  has  also  been  emphasized  that  as  the  program  com¬ 
plexity  and  computer  running  time  are  increased  together,  as  these  are 
required  for  accurate  expression  of  the  detailed  structure,  one  is  calcu¬ 
lating  the  effect  of  just  that  detail  which  is  most  sensitive  to  changes  of  the 
field  in  the  ocean  and  which  is,  therefore,  increasingly  less  likely  to 
represent  the  actual  field  at  the  time  of  a  given  experiment.  Finally,  the 
problem  is  complicated  by  a  conclusion  of  Chapter  IV,  i.  e.  ,  it  is  not  a 
valid  procedure  to  average  the  environmental  data  inputs  by  smoothing  these 
for  this  process  leads  to  regular  arrival  structure  that  does  not  show  the 
"breakup"  that  is  found  in  the  calculations  that  are  based  on  more  realistic 
velocity  profile  structure. 

The  basic  ray  tracing  program,  outlined  in  Chapter  III,  uses  control 
parameters  that  adapt  the  iteration  increment  to  follow  the  velocity  field 
structure.  For  very  accurate  work  the  maximum  iteration  increment  can 
always  be  made  small  and  the  control  parameters  made  "tight.  "  More 
important,  however,  is  the  degree  to  which  the  maximum  iteration  interval 
can  be  made  very  large,  conserving  computer  running  time,  but  calculational 
accuracy  is  kept  within  set  limits  by  adjustment  of  the  adaptive  iteration 
controls.  In  terms  of  the  constrictions  discussed  in  the  previous  paragraph 
these  limits  must  also  be  appraised  as  to  whether  they  are  physically 
meaningful. 
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To  a  certain  extent  the  action  and  interaction  of  the  controls  can 
be  followed  by  program  testing  on  smooth,  simple  velocity  fields  with 
known  theoretical  ray  solutions.  Practical  specification  of  the  control 
parameters,  however,  mint  follow  from  tests  on  real  velocity  profiles 
which  contain  the  maximum  gradients  and  curvatures  that  can  be 
expected  in  the  ocean. 

The  input  parameters  which  control  the  accuracy  are  summarized 

below: 

i)  Maximum  Iteration  Increment  (A). 

Roughly,  the  running  time  of  the  program  over  a  given 
range  is  inversely  proportional  to  A  If  A  is 
too  large,  however,  every  iteration  will  be  contracted 
by  one  or  another  of  the  subsequent  tests  and  this  will 
reverse  the  trend  and  lead  to  longer  computer  running 
times.  Also,  the  use  of  large  A  values  even  for 
initial  tests  in  high  Z ,,  and  D.  regions  leads  to 
breakdown  of  the  iteration  expansions  to  such  a  degree 
that  the  subsequent  A  contractions  based  on  the 
tests  are  not  properly  defined. 

ii)  Sine  Incremental  Test  (  S  Test). 

This  test  examines  the  effect  of  a  tentative  iteration 
of  magnitude  A  that  depends  on  the  ,  and 

gradients  and  curvatures  at  a  given  point  as  these 
are  determined  by  the  velocity  field  construction  pro¬ 
gram.  If  this  leads  to  a  change  in  the  sine  of  the  ray 
angle  by  an  amount  greater  than  S  ,  then  A  is 
contracted  to  a  new  Aj  as  given  by  (III.  14). 

iii)  Velocity  Field  Accuracy  Test  (  e  Test). 

The  velocity  predicted  by  the  Z.  ,  ,  and  G. 

field  expansion  parameters  for  a  tentative  iteration 
of  magnitude  Aj  is  compared  with  the  velocity  at 
the  same  point  which  is  set  by  the  velocity  field 
construction  program.  If  these  disagree  by  an  amount 
greater  than  e  then  the  iteration  of  A^  is  further 
contracted  to  A^  by  the  use  of  (HI.  15). 
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iv)  Minimum  Increment  (A  ) 

A  minimum  increment  can  be  set  into  the  program  and 
is  to  be  of  the  order  of  the  minimum  depth  interval 
between  velocity  profile-  entries.  Use  of  A  avoids 


too  large  a  contraction  of  A^  by  the  t 


test  or 

-  c. 

S  test. 

In  addition  to  the  above  parameters  that  are  entered  explicitly, 
the  program  implicitly  includes  the  semi-invariant  control  of  (III.  6) 
and  (HI.  7). 


5.  2  Test  Procedures 

A  number  of  elementary  program  tests  were  made  as  the  program 
developed,  primarily  to  check  the  operational  sequences,  indexing  of 
entries,  and  gross  programming  errors.  Such  tests  included  isovelocity 
profiles,  earth  curvature  corrections,  boundary  location  and  ray  reflection 
calculations,  etc.  ,  and  need  not  be  reported  here.  Attention  is  instead 
concentrated  on  ray  tracing  in  those  velocity  fields  which  reveal  the  effect 
of  the  program  control  parameters  on  the  accuracy  of  the  ray  tracing.  The 
following  models  have  been  chosen  for  this: 

I.  Hyperbolic  Cosine  Profile 

II.  Bilinear  Profile 

HI.  Real  Velocity  Field 

IV.  Reversibility  Test  in  Real  Velocity  Field 
The  results  of  the  above  tests  are  presented  as  data  printouts  with 
the  following  formats: 

A.  Computer  plot  of  the  profile  (or  profiles). 

B.  Tabulation  of  specific  data  inputs  with  the  gradient  and 
curvature  values  of  the  profiles  at  these  points.  These 
are  the  data  that  are  used  directly  in  the  ray  tracing 
program. 

C.  A  summary  output  derived  from  the  ray  trace  output 
tape  consisting  of  printouts  giving  the  range,  depth, 
travel  time,  and  sine  of  the  ray  angle  at  turning  points 
of  the  ray  and  at  surface  and  bottom  reflections.  The 


program  control  parameters  and  the  computer 
running  time  are  also  given  with  the  printouts. 

5.3.  Hyperbolic  Cosine  Profile 

v(z)  =  1500  cosh  3  X  10-4  (z-3000)  •  (V.  1) 

This  is  a  smooth  profile  for  which  the  gradient  and  curvature  increase 
uniformly  and  continuously  on  either  side  of  the  center  depth,  3000  meters. 

The  4- point  fit  that  is  based  on  data  points  entered  every  50  meters  gives 
an  excellent  representation  of  the  profile  shape  and  the  c-test  does  not 
produce  truncation  of  A  unless  c  is  made  very  small  and  for  very 
large  A  .  Tha  results  of  this  test  primarily  indicate  the  accuracy 
of  the  basic  iteration  expansions  in  smooth  profile  regions  as  well  as  the 
effect  of  the  S-test. 

Figure  37  is  a  computer  plot  of  the  hyperbolic  profile.  In  the 
depth  region  of  3000  meters  the  shape  is  roughly  that  of  the  axis  of  a 
sound  channel  but  the  continuously  increasing  curvature  together  with 
the  large  factor  multiplying  the  depth  dependence  in  (V.  1),  i.  e.  ,  3  X  10~4/ 
meter,  produce  unrealistically  large  values  of  the  sound  velocity  at  depth 
intervals  greater  than  500  meters  from  the  axis.  The  data  inputs,  based 
on  a  3-point  fit  about  each  entered  point,  are  given  in  Table  5.3  .1  (these 
inputs  are  converted  into  a  4-point  fit  in  the  ray  trace  program  as  discussed 
in  Chapter  II).  The  curvature,  coefficient  D  in  the  Table,  is  small  as 
compared  with  the  curvature  of  realistic  sound  velocity  profiles  (compare 
with  Chapter  V-5.  5),  but  the  gradients,  coefficient  Z  ,  are  comparable 
in  the  depth  intervals  from  1000  to  2000  meters  and  from  4000  to  5000 
meters. 

Summaries  of  thirteen  ray  tracing  calculations  in  the  hyperbolic 
cosine  field  over  a  range  of  300  miles  are  shown  in  Tables  5.  3.  2.  1  through 
5.  3.  2.  13,  giving  only  the  calculated  turning  points.  A  large,  upwardly 
directed,  initial  angle  of  -30°  was  selected  to  emphasize  the  high  gradient 
regions  of  the  profile  but,  for  this  test,  to  avoid  surface  or  bottom  hits. 

For  the  highest  accuracy  parameters  of  Table  5.3.2.  1  and  Table  5.  3.  2.  13, 
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the  results  are  exactly  those  that  would  be  predicted  by  formal  solutions. 
Attention  is  caiieri  to  the  tact  tnat  although  there  is  some  shift  in  the  range 
of  the  turning  points  for  larger  values  of  the  control  parameters,  the 
effect  of  the  semi- invar iant  control  is  to  maintain  nearly  precise  values 
for  the  depth  amplitudes  of  the  cycling  rays.  Note  also  that  due  to  the 
presentation  based  on  turning  points  the  variations  in  the  travel  time  that 
occur  among  the  printouts  must  be  normalized  with  respect  to  the  range 
deviations  of  the  turning  points. 

The  principal  conclusion  that  can  be  drawn  from  the  data  of  Tables 
5.  3.  2.  1  -  5.  3.  2.  1  3  is  that,  for  the  arc  length  increment,  A  ,  of  500  meters 
or  less  there  is  negligible  error  in  the  iterations.  For  values  of  A  of  1000 
meters  or  more  the  accuracy  becomes  controlled  by  the  sine  increment 
test.  By  inspection  of  the  discrepancies  in  the  ranges  of  the  turning  points 
for  A  increments  of  1000  meters  or  more  with  respect  to  the  accurate 
solutions  obtained  by  the  A  increments  of  2  50  meters  it  can  be  concluded 
that; 

i.  Agreement  would  have  been  improved  by  the  use  of 
maximum  sine  increments  that  were  considerably  less 
than  the  minimum  value  of  0.  020  used  in  Tables  5,  3.2.  1- 
5.  3.  2.  13. 

ii.  It  is  a  defect  of  the  simple  form  of  the  sine  increment 
test  given  by  (III.  14)  that  is  does  not  contract  the  iteration 
if  there  is  little  net  change  in  the  sine  of  the  ray  angle. 

This  permits  errors  to  grow  in  the  range  and  depth 
coordinates  of  the  ray  when  there  are  large  A  incre¬ 
ments  with  small  change  in  the  ray  angle,  e.g.  ,  for 

the  rays  that  cross  the  axis.  This  is  the  principal  reason 
why  the  re s  dts  of  Tables  5.  3.  2,  6,  5  3.2.7,  and  5.3.2.12 
have  not  converged  to  the  more  accurate  values  of  Table 
5,3.2.13. 

It  is  clear  from  the  results  that  increased  accuracy  requires  greater 
computer  running  time,  although  there  is  an  advantage  in  using  large  A 
increments  in  association  with  a  strong  control  obtained  through  the  sine 
increment  test  if  rather  nominal  discrepancies  can  be  tolerated.  However, 
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this  is  a  feature  of  the  smooth  lorm  of  the  hype rl> olio  tuaim:  p»  wfile  ar.-’ 
is  not  necessarily  true  for  more  complex  velocity  profile  types. 
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MM. M* 
IMI.HI 
SIM. Ml 
Mil, III 
JIM. Ml 
SIM. Ml 
im.M* 

MM, mi 
MM. Ml 
MM, Mi 
MMIM 
lltf.Ma 
IMI.IM 
MM, Ml 
MM, Ml 
SMI, Ml 
MM. Ml 
SMI, Ml 
HM.  Ml 

♦  Ml. IM 

♦  Ml.  Ml 

♦  HI, III 

♦  IM.IOI 
<111,111 
4IM.HI 
<111,611 
tin.iei 

<< ii.ii i 
<491. Ml 

♦  Ml. Ml 
HM.IM 
llll.MI 
♦491.  Ml 
<111, Ml 

♦  Ml. Ill 
<••1,119 
<•91, Ml 
tlll.lM 


»/iif  dim  iCltM  /  COM 1  I C  l 


l|  •».»« 
liMilMI 

J  4*t ,ltll 
I •*• ■#••• 

IIM.IM* 
'•*«.«,* > 
IlfMOll 

i»*i, Jj*7 

jl«Mt*» 
i r*i, 

1  fO>, ••* 1 

l •••,♦•• • 

1 *71,***i 

till,  MM 
IM'.OH 

kMMi'l 
l)M,*7i* 
1111, |4« 

1)2*. 44*1 
(Ttl.li M 
Ktl.ltll 
14*1  .Mil 
l(M.i<M 
tl49.Mll 
1 4  S • , 4 11 1 
I4“.l’8l 
I4M.MM 
1454,  70*9 
l*l»,*2H 
1*6*, )»«* 
1*11,110 
1 191,197) 
l»li.4lM 
V  9  78 | 11*1 
IIKII'I 
Ifil.Ull’ 
t«1»,l07t 
11*1,1)11 
19*), till 

1|S4, 11*1 
i»M,I9M 

111* , 14)' 
1*79, 4*9» 
llll.MI’ 
HM,***' 
111) ,  Hll 
19M,27M 

hii. hh 

19M.2IM 
1  III .Toll 
1111,1111 
1 900, HII 
!•>)• .  l*M 
III*  .  MM 
ltll,  LIM 
HM  ,  HM 
t9M,9MI 
HM.TMI 
1»M,IIM 
Ml*  ,1**1 
ilM,*)*l 
111  9 1*1)1 

1IH.4IM 
till . 9|4T 
till . 4411 
111*. SIM 
HI# ,  Ml) 
IMJ.ltH 

ma.trn 

lia.iur 
titv.assi 
1119  .  IM* 
1141 , Jill 
MM.  (Ml 
IHI.IIIt 
IIM.41M 
Iff! i VI** 
1119,  IM) 
1199  ,  mm 
l 4 19 i 921 I 
111* . 2|l| 
14)* .214) 
1444,1)14 
1*14,411) 
1449 ,11)9 
14)4,14)1 
111) .1911 
1499. )49l 
1)U,!I»» 
1*2*, 144) 
MM. 19*1 
M)  • 


1,4*1 4942 3  4 

144J*#14I  4 

*,4)1 *4**1  4 

>,41,14)1'  I 

..tuimi-  ♦ 

.,<1**9141  J 
..)<»A)<11  | 

.,lHt3«H  » 

i.HlMlM  I 
341)8118  1 

■,111**111  I 
i.itoiiu  ) 
t.lllltlll  9 
•,11111111  i 

-,)1»|44M  * 

•  .UlllUI  * 

-, 1914*1*8  • 

• , )1<*)<49  I 
■ , 24419491  I 
.,11(11141  J 
.,1)9*1)19  9 

.  .Ml  19324  9 

•,294**211  I 
• ,2*77224 l  I 

•  .IlflDH  9 
,  ,  111  IIM1  9 
■  .(I*  111*8  I 
•,114419*1  I 

21941141  I 
>  ,  ]  9  l  Ilf  <  •  I 

•  , 1M413I*  9 

•, 14)2(0)1  I 
» , 1 ’ ••• 941  9 

•,lTf*l***  9 

.,11112120  9 

», 1*911* ll  9 
•.1*111149  I 
.,1*411119  | 

.,1)11)111  9 

.,129**91*  « 

.,123*1129  } 

•  .UltWftl  ft 

•,10914199  I 
.,19911011  9 

.,«9M*4|4  .1 
■,•■))•**•  •» 
.,(14«UI)  *1 
.,’<110111  •! 

.,40*14*11  *1 

•  .MUDll  •  I 
.,4*111410  •! 
..49H4MS  -1 
.,3)712*92  •! 
•.a)iMin  -i 
..2921)40)  »i 
.,1)1011*1  »i 
..HIMMJ  -2 

,09190140  I 
, 4 ) •!<••)  .2 
,10*|24*l  .1 
,  ?  9 II )  M*  •  1 
,2*41)212  *1 
,41913411  .1 
, * I9I41H  *1 
,<’1)4441  •! 
,9<1J1H4  .1 
,44911*49  -1 
,4**1149  I  .1 
,741*1111  >1 
,•1441193  -1 
,MI1M*»  »1 
,*1l*«f‘  -1 
,16211131  I 
,16*4*194  C 
,11191211  9 

,122*4«2I  4 

,  1  2*9 14  4  9  9 

,11741929  I 
,1441111*  9 

,1*1219**  I 
,1*4)9411  I 
,1*192420  I 
,1)17)949  0 

,171*1110  4 
,1**2*911  ti 
.1*1*1)01  6 
,291*9*41  9 

,29t«U91  I 
,2144*0*1  I 
, 22*194*9  I 
,2>l«Ha*  0 
,2)111)11  4 

,2472*241  0 

,294412*1  0 

, 2*3)4624  0 
.  ”(*2)44  0 


1441,(11 

1771,1*71 

, 21 1||4*  9 

1411,996 

IfM.THl 

, 2*  1)940 

9191. IM 

1(97,4919 

, 10  44199 

1)91,909 

1472.1972 

,•1)41991 

9241,909 

14)1.7)7) 

,  IIUtHO 

9291, IM 

1|14, l«20 

.i;7j»*io 

9141,900 

1471, 4*4) 

,j:u*J*o 

9191,109 

HII  ,  4*44 

.341)04*1 

<499,109 

lll»,ll»1 

.1*274111 

9419,114 

1973, 7«0i 

, 2*1)941* 

HOI.IM 

1**2  ,  OH* 

,17)01440 

1911.49 1 

1*49,7442 

,17MlT7* 

9491.111 

1*79,1447 

.  1*7)40* 

1499.499 

1**9  ,*1H 

, 3*4|99 11 

9719.491 

Ml*, 9741 

,49f)01<l 

9719.499 

7*40  ,||M 

,  4 1 *4  J  *  II 

9119. Ml 

MM  ,0901 

,42*0119) 

1494.111 

1102 ,4*12 

, 4)|J»**t 

9944. Ill 

?10< . 1)49 

,4*119)4] 

9*99.411 

71V4.7J3* 

,  OJ1274I 

£919.191 

111*. 47*9 

,  *811  7  2(* 

’III, Ml 

1409  .  IftCB 

•  ,  1»04*M* 

,  1*14194)  -4 
.  1*141*41  •) 
.1*4)991)  -J 
,l«J4»9*t  •) 

,  |I949<**  »i 
i  11)41*9’  ,1 
,  Ml  71VM  •) 
,1’HH‘I  -2 
,l'*l*»'4 
,1)44494’ 
,i’<r)9)|  -i 
,17)1149*  •• 

,  1  J 1  *  9  1  *  4  •  1 
,i4»M*n  ■) 

. 14*  4  J>*2  •) 
.!•«»«  4  »t  •* 

,14* 112)1  •) 

, 14*07  la*  •) 
.14)1*42*  *7 
,  1 1 1 .14  4)4  *3 
,l*t0««»4  <1 

. 1 »* ’4944  •) 
,1M9)/U*  .) 
,1)11)14]  *) 
,M>1*/J4  -) 
.11*949')  •! 
,1)4«4<I|  -I 
.MJH94*  .J 
,111*941)  .3 
,144*144]  ») 
,14**t'**2 
,)4)«|4vi  .J 
,14)04294  • 0 
,14*2298]  -J 
, 14->4442l  ■  i 
,144*4*4*  *2 
,  l*)4<44*  •  0 
.14)11*11  *) 
,1424*42]  >1 
,1*1*944*  .1 
,14113419  •* 
,1*892*1*  *1 
, i)h*91)}  •) 
,1)44141]  *3 
1)48012  *3 
,}IM1«1|  *3 
.1)21921*  •* 
,1)21)2*4  •) 

.  i  Ml  M*l  •) 

,1)4*4)*)  ■) 
,1**924**  •) 
,1)42112)  •) 
,1)9974.]  .) 
,1)9  7  014  ■) 

*  1*1911*1  -J 
,ll»JT4Jf  .) 
,1)^247*4  ■) 
,1)6 13**1  •) 
,W>94J*I  *) 

,  11*830*1  *» 
,U‘9HV|  •) 
,imiv*i  •) 
.1)164211  • > 
.imi»M  •* 
,1)12*7*9  ■) 
,l)1JJV7*  •* 
,1)1111*9  ■) 
,1197492*  .1 
,1)9«7M|  *1 
,1182)119  .J 
,1)492*94  •» 

, DM4447  •* 
,D719»*|  •! 

. V Ml 7 24*  •) 
,117**21]  •* 
,1)44)411  .1 
,11191)91  *4 
, 11*41**4  •) 
,11*911J|  .1 
,1*091*29  -4 
,14112419  -4 
■  1*1 *11 9 *  -4 
,1*141134  *4 
,14411074  .4 
,|44«4*I9  .4 
,144*94*9  •) 
,1*4*0234  *4 
,1*9 12*0 |  .4 
,14704224  *4 
,14)94994  *4 
,14499449  -4 
,14901481  *4 
,11U2I99|  >4 
,1914749a  .1 
.1921M1I  •! 
,1946*111  •» 
,1>»1*))4  •) 
.11*3)141  •) 
,1)791/11  •» 
,11974494  *1 
, 14US449*  .) 
,141)4)3*  .) 

, 1 13 4922*  •) 
,14<l’449  -3 
,11941219  •! 
,1*4940)1  >4 
,114*194)  -4 
,l*994i<l  *4 
, 1 7113144  •  ) 
,17111999  .4 
,17«7#«»4  *4 
,17447171  •) 
.17911I1*  *2 
, 1 7  9  f *4  *  9  .2 
,14179)44  .2 
,1*)>199T  »4 
,1*1*9499  .1 
,147*1**1  •* 
.1491*971  -1 
,1*14194]  ■» 
•,!*!7»|4|  .| 
.,1*17444]  >2 


’*|L|  O’  V»10*1  87  (1  I9440L  *’lt*  MMH9 
uMTM.nITHH  wilOCI  »i«9/»*C  I  coir  MCI  IN)  ?  cMMlciM' 

TAble  •-  "  • 
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RAY  TRACE  ANAUS1S  RROjRAM. 

. -  r»  _  «  I  ii  t  T  1  4  1 

nut  nynDB1'"  *  *  -  *  *  • 


p  C  MlNtNSHAM  -  IA-2U1-U1| 

it,Ai_Ca  .30.000  DEGREES 


COSH 


List  Of  TURN  I  "10  POINTS  1,0472  sec/mile 


NUH8ER 

1 

2 

3 

4 

5 

6 
7 
S 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 
27 
26 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

NQLe  GEG»«30 


range  nm 

2,8272 
8,4816 
14,1361 
19,7905 
25,4449 
31,0993 
36,7538 
42,4082 
48,0626 
53,7170 
59,3714 
65,0258 
70 , 6802 
76,3347 
01,9891 
87,6435 
93,2979 
98,9523 
104,6067 
110,2612 
115,9156 
121,5700 
127,2244 
132,8788 
138,5333 
144,1077 
149,8421 
155,4965 
161,1509 
166,8053 

172,4597 

178,1141 

183,7685 

189,4229 

195,0773 

200,7317 

206,3862 

212,0406 

217,6950 

223,3494 

229,0038 

234,6582 

240,3126 

245,9671 

251,6215 

257,2759 

262,9303 

268,5847 

274,2391 

279,8935 

285,5479 

291,2023 

296,8567 

000  EPfllON*  , 


depth  m 

13.69 .9793 
4831  i  0207 
1168 i 9793 
4831,0207 

1168.9793 
4831 ,0207 
116B.979J 
4831,0207 

1168,9793 
48J1 ,0207 

1168,9793 
4831,0207 

1168,9793 
4831,0207 

1168,9793 
48J1.0207 

1168,9793 
4831,0207 

1168,9793 
4831,0207 

1168,9793 
4831,0207 

1168,9793 
4831,0207 

1168,9793 
4831,0207 

1168,9793 
4831,0207 

1168.9793 
4831,0207 

1166.9793 
4831,0207 

1168.9793 
4831,0207 

1168,9793 
4831,0207 

1168,9793 
4831,0207 

1168,9793 
4831,0207 

1168.9793 
4831,0207 

1166.9793 
4831, 0207 

1168.9793 
4831,0207 

1168,9793 
4831, 0207 

1168,9793 
4831,0207 

1168,9793 
4831,0207 

1168,9793 

00  DELTA*  250 


TOTAL  TIME  5:10 


SINE 

,  OUOOUUOO 
,00000060 
,00000000 
, OUOOOOOO 
.OUOOUUOO 
, OUO0UUO  0 
.OUOOUUOO 
,00000000 
,00000000 
,00000000 
,00000000 
.oooouuoo 
,00000000 
,00000000 
.OOOQUOOQ 
, OUOOUUOO 
,00000000 
.OUOOUUOO 
.OUOOUUOO 
,00000000 
,00000000 
,  OUOOUUOO 
.OUOOUUOO 
,00000000 
.ouooouoo 

, OUOOUUOO 
, OUOOUUOO 
,00000000 
,00000000 
,00000000 
,00000006 
,00000000 
.ouoouooo 
,00000000 
,00000000 
,00000006 
.OUOOUUOO 

, oooouuoo 
,00000000 
, oooouuoo 
,00000000 
, OUOOUUOO 
,00000000 
,00000000 
,00000000 
,00000000 
,00000000 
,00000000 
,00000000 
,00000000 
,06000000 
,00000000 
,00000000 

MIN  DELTMlOC 


SECONDS 

3,4906 
1U ,4720 
1/ ,4533 
24,4346 
31,4160 
36,39/3 
43,3766 
52,3599 
59,3413 
66,3226 
73,3039 
au.2852 
a/, 2665 

94,24/a 
10 i , 2292 
106,2105 
115,1919 
122,1731 
129,1544 
136,1358 
143,11/1 
150,0964 
15/, 0797 
164,0611 
171,0424 
176,0237 
185,0050 
191,9864 
196,96/7 
205,9490 
212,9303 
219,9116 
226,6929 
233,6742 
240,8556 
24/ ,6369 
254,6162 
261,7995 
266,7806 
275,7621 
282,7435 
289,7248 
296,7061 
303,68/4 
310,6667 
31/ ,6500 
324,6314 
331,6127 
336,59*0 
345,5753 
352,5566 
359,53/9 
366.5192 

SIN  TEST*  .100 


Table  5.3.2.  1 
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TRACE  ANALYSIS  w 

3  i  oj  i  i  i  a  l,  at 

u  H  I  M  N  G  H  A  M 

UUC"  •  .3  u  ,  u  u  ,1 

.  IA-2U1-U1) 

[jcunct' 

COSH 

Qr  T  UPn 1 NU 

points  0.3209 

sec /mile 

TOTAL  TIME 

1:35 

NUMBER 

RANIjE  nM 

OrpTh  m 

S  I  Nc 

SfcuUNDb 

1 

2 , 8  ?  7  1 

1164,9676 

.UUOO'JUOO 

9,4896 

2 

8,4818 

4831,0120 

.UUOOUUOO 

10,4712 

3 

18,1364 

1166 , 9684 

,  U  0  0  0  U  0  o  0 

1  / ,  45<9 

4 

IV, 7911 

4«31, 0113 

, UUOOUUOO 

24. 4J48 

5 

25,4461 

1164,9793 

.  U ')  (1  O  U  (J  0  0 

31 , 4166 

6 

31,1011 

4831 , 0207 

.UUOOUUOO 

3  8 , 3986 

7 

30,7861 

1166,9793 

, 0000JO00 

4  b  ,  3  8  U  7 

8 

42,4112 

4831.0206 

, UDOOJUOO 

54,3627 

9 

48,0661 

1164,9794 

, UUOOUUOO 

59,3447 

10 

83,7210 

4831 , 0206 

.  UDOOUUfJO 

60,3266 

11 

5V  ,3789 

1164 , 9794 

, UUOOUUOO 

74,3085 

12 

65 ,0307 

4831,0206 

,  0  9  0  0  0  U  o  0 

UU  ,  29U4 

13 

70 ,6855 

1166 , 9794 

, UDUOJUQO 

e/,2/22 

14 

76,3402 

4831,0206 

.UUOOUUOO 

94.2539 

15 

81,994V 

1164,9794 

, UUOOUUOO 

1(U  , 2356 

16 

87,6498 

4631 , 0207 

.UUOOUUOO 

100,21/6 

17 

93,3048 

1164 , 9793 

, UUOOUUOO 

115,1996 

18 

98,9598 

4831 . 020  7 

,  UDO0JU00 

122,1816 

19 

104  ,  6’ 48 

1164,9793 

,  UDO0UU00 

129,1636 

20 

110,2697 

4o31 . 0207 

,  UDOOJUOO 

130 ,1456 

21 

115,9247 

1168.9793 

.UUUOUUftO 

143,12/6 

22 

121,5797 

4831 .0207 

,  0  U  0  U  U  1)  o  0 

150,11)96 

23 

127,2746 

1168,9793 

,  0  U  0  0  U  0  o  o 

15/, 0915 

24 

132,8895 

4831 . 0207 

, UUOOUUOO 

164 , 0735 

25 

138,5444 

1164,9793 

, uuunuuoo 

171 , 0555 

26 

144,1994 

4831.0207 

.UUOOUUOO 

170,03/4 

27 

149,0543 

1168,9793 

.UUOOUUOO 

185,0193 

28 

155,5092 

4831 ,0207 

,  uuoouuoo 

192,0013 

29 

161,1641 

1164,9793 

.UUOOUUOO 

190,9832 

30 

166,8169 

4831.0207 

.UUOOUUOO 

205,9651 

31 

172,4738 

1164  ,  9793 

,  UUOOUUOO 

212,94/0 

32 

178,1267 

4831 ,0207 

,  UUOOUUOO 

219,9289 

33 

183,7835 

1166 , 9793 

,  UUOOUUOO 

220.91UB 

34 

189,4384 

4831 , 0207 

.UUOOUUOO 

233,8927 

35 

195,0933 

1164,9793 

.UUOOUUOO 

240,8746 

36 

200,7482 

4831 , 0207 

,  UUOOUUOO 

24/  ,8565 

37 

206,4031 

1164 , 9793 

.uuoouuoo 

254,8385 

38 

212,0579 

4831 ,0207 

.UUOOUUOO 

261,8204 

39 

217,7128 

1164 , 9793 

.UUOOUUOO 

260,8023 

40 

223,3677 

4831 , 0207 

,  UUOOUUOO 

275,7842 

41 

229,0226 

1164  9793 

.UUOOUUOO 

282,7661 

42 

234,6774 

4631,0207 

,  UUOOUUOO 

289,7480 

43 

240 , 3323 

1164,9793 

,  UUOOUUOO 

290,7299 

44 

245,967? 

4831  ,  02 07 

,  UUOOUUOO 

304,7118 

45 

251,6420 

1164,9793 

, UU  OOU  uo  0 

31U ,6937 

46 

257,2969 

4831 , 0207 

, OU  OOU  UOO 

31/ ,6756 

47 

262,9518 

1168,9793 

.UUOOUUOO 

324 , 65/5 

48 

268,6067 

4831 ,0207 

.UUOOUUOO 

331,6394 

49 

274,2615 

1164,9793 

,  U  U  0  0  U  U  0  0 

33b , 6213 

50 

279,9164 

4831,0207 

.UUOOUUOO 

340,6031 

51 

285,5713 

1164,9793 

.UUOOUUOO 

352,5850 

52 

291,2261 

4831 , 0207 

,  UUOOUUOO 

359,5609 

53 

296,8810 

1168,9793 

,  OUOOUUOO 

360,5488 

ANGLE  OEH«-3O,O00  EPSILON*  ,  5000  DELU«lO00  MIN  DELTa»10U  8  IN  TEST*  ,1U0 

Table  5.  3.2.3 
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RAY  THAC6  ANALYSIS  PRU(,R*M.  R  p  MtMNGHAM  -  (A.201*Ul| 

HAY  NUM8EW*  A  INITIAL  AI.GLfc*  -JO  .  000  DEGREES  „„„„ 

LIST  OF  turning  points  0.2533  sec/mile  TOTAL  TIME  1:15 


ER 

range  n* 

UFPIM  M 

S  I  NC 

1 

2,8258 

1164,9950 

,  UUCOUUqQ 

2 

8,4fl27 

4831,0205 

.UUQOUUOO 

3 

14,1410 

1168 1 9793 

,  uuoouuoo 

4 

19,7941 

4831 1 0133 

,  UUQ0UUQ0 

5 

23,4493 

1168 1 9958 

.UOOODUOO 

6 

31,1038 

4831.0086 

,  UUOOUUOO 

7 

36 ,7613 

1168,9795 

,UU00JU00 

8 

42,4191 

4831,0206 

,  UUOOUUOO 

9 

48,0715 

1169  •  0285 

.UUOOUUOO 

10 

53,7251 

4830,9637 

.UUOOUUOO 

11 

59,3787 

1169,0301 

.UUOOUUOO 

12 

63,0362 

4831,0225 

.UUOOUUOO 

13 

70 ,6933 

1168,9780 

, UUOOUUOO 

14 

76,3487 

4831,0212 

.QLOOUUOO 

15 

82,0028 

1168,9653 

.UUOOUUOO 

16 

8  7,6626 

4831,0213 

.OUOOUUoO 

17 

93 ,3148 

1168,9934 

, UUOOUUOO 

18 

98,9701 

4831,0075 

, UUOOUUOO 

19 

104 ,6254 

1168,9963 

.UUOOUUOO 

20 

110,2825 

4831 ,0208 

.UUOOUUOO 

21 

113,9366 

1168,9905 

,  UUOOUUOO 

22 

121,5954 

4631,0212 

.UUOOUUOO 

23 

12/  ,2534 

1168,9782 

.uuoouuoO 

24 

132,9069 

4831 ,0141 

.UUOOUOOO 

25 

138,5619 

1168,9890 

.UUOOUUOO 

26 

144,2191 

4831,0205 

.UUOOUUOO 

27 

14V.B78Q 

1168,9789 

.UUOOUUOO 

28 

153,5302 

4831,0071 

.UUOOUUOO 

29 

161,1853 

1168,9932 

.UUOOUUOO 

30 

166,8455 

4831,0224 

.UUOOUUOO 

31 

172,4982 

1168,9977 

.UUOOUUOO 

32 

178,1527 

4831 ,0061 

.UUOOUUOO 

33 

183,8083 

1169,0320 

.UUOOUUOO 

34 

109,4661 

4831,0212 

.UUOOUUOO 

35 

195,1242 

1168,9779 

,  UUOOUUOO 

36 

200,7814 

4831,0222 

.UUOOUUOO 

37 

206,4342 

1168,9865 

.uuoouuoo 

38 

212,0899 

4831,0134 

.UUOOUUOO 

39 

217,7466 

1168,9047 

.UUOOUUOO 

40 

223,4035 

4831,0210 

.UUOOUUOO 

41 

229,0609 

1168,9789 

.UUOOUUOO 

42 

234,7148 

4830,9678 

.UUOOUUOO 

43 

240,3713 

1168,9791 

.UUOOUUOO 

44 

246,0280 

4831 ,0208 

,  uuoouuoo 

45 

251,6817 

1168,9931 

,  OUOOUUOO 

46 

257,3368 

4830,9699 

.UUOOUUOO 

47 

262,9932 

1168,9792 

.uuoouuoo 

48 

268,6492 

4831,0215 

.uuoouuoo 

49 

274,3019 

1169,0301 

.uuoouuoo 

50 

27V , 9593 

4831,0224 

,  UUOOUUOO 

51 

285,6151 

1166,9786 

.OUOOUUQO 

52 

291,2682 

4831 ,0037 

.UUOOUUOO 

53 

296,9258 

1168,9791 

.uuoouuoo 

■30,000 

EPSILON*  ,5000 

DELTa*2O00 

MIN  DELTA»1QQ 

jcvyi'y- 

•> , 4890 
1U , 46V4 
1  /  ,  4545 
24 , 4335 
31 , 41/6 
3o , 39  V  0 
43,3838 
5A,36«4 
5v,34/6 
68,3261 
73,31)68 
8U ,2BV6 
8/ , 2743 
94,2539 
101 , 2330 
106,2211 
113,1984 
124,1787 
12V ,1611 
136 ,1434 
143,1269 
15U  .1127 
15/  .0967 
164,0786 
171,0605 
176,0431 
183,0304 
192,00/7 
19B.9B8Q 
203,9737 
212,9525 

21V, 9341 

226,9163 

233.9Q13 

240,8834 

24/  ,86/9 

254,84/3 

261 ,8299 

268,8143 

273,7987 

28  2 , 7  833 

289,7629 

296,7469 

303,7310 

310,7102 

31/, 6902 

324,6719 

331,6539 

336,6337 

343,6165 

352,5985 

35V, 57/0 

366,5617 


SIN  TEST »  ,100 


Table  5.  3.2.4 
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»A»  TRACE  ANALrS 

!  S  P'-jCPa*"-  N  U 

8|N|  <uH»K 

a 

»• 

r\, 

i 

c 

PAY  N  U  M  8  E  P  » 

5  INITIAL  A 1  G  L  fc  3  -JO.  0  0  0 

D  6  G  w  F  6  5 

COSH 

l  1ST  OF  T  L)R  N  1  <0 

point  a  0.2693 

sec/rolLe 

TOTAL  TIME 

1:20 

NUUBEK 

PANpP  NM 

Ijf-PTH  M 

MNt 

SECOND* 

1 

2,  S?31 

1169 ,0449 

, UO0O U  U  c  0 

9,4825 

2 

a, 4759 

4830 ,9707 

, UUOOUUOO 

19,4601 

3 

14,1428 

1168 ,9785 

.oooouuoO 

l',4543 

4 

19, 7941 

4831,0120 

,  U  0  0  0  U  U  o  0 

24,4302 

5 

25,4493 

1169,1772 

,  O  l  0  0  0  U  o  o 

31,4112 

6 

31,1136 

*831 ,0236 

, UtOOUUOO 

30,3992 

7 

36, 7623 

1169 ,0400 

,00009000 

45,37*1 

a 

42,4152 

4830 , 9674 

.OO0OUU00 

52,3510 

9 

46,0838 

1168 ,9769 

, O0000U00 

5  t , 34U8 

10 

54,7479 

4831,0243 

, UUOOUUOO 

60,32/6 

11 

59,3971 

1168,9963 

,  0  0  0  0  o  U  o  0 

7  P , 3  027 

12 

65.0659 

4831.0236 

,  oououuoo 

69,2952 

13 

70,7306 

1168,9734 

,  0  1/  0  0  9  U  o  0 

a/, 2816 

14 

76,3819 

4831 , 0109 

,09000900 

94,2591 

IS 

82,0501 

116R , 9753 

,  0900  UUOO 

10 1 1 25U  7 

16 

87,7101 

4831 , 0256 

,  OOOOUUOO 

100,2392 

17 

94,3584 

1169 , 0506 

.OlOOOUOO 

115,2144 

ie 

9  9  ,  0  ?  5  9 

4831 , 0212 

,  UOUOUUOO 

122,20*1 

19 

104,6736 

1169,0385 

.O0COUU00 

129,1760 

20 

110,3414 

♦  831  1  0223 

.OOOOUUOO 

130.17U4 

21 

116,0034 

1168,9765 

.OOOOUUOO 

14P.15V8 

22 

121,6527 

4830,9421 

,  OOOOUUOO 

159,1353 

23 

127,3182 

1168,9776 

.OOOOUUOO 

15/  ,1253 

24 

132,9714 

4831 , 0167 

.UOOOUUOO 

164,1049 

25 

138,6373 

1168,9790 

.OOOOUUOO 

171,0937 

26 

144,3018 

4831,0282 

.OOOOUUOO 

170,0  796 

27 

149,9506 

1169,1448 

.OOOOUUOO 

185,0557 

28 

155,5974 

4830,8590 

.OOOOUUOO 

192,0290 

29 

161.2462 

1163,9676 

.OOOOUUOO 

199,0010 

30 

166,8985 

4830,8613 

,  OOOOUUOO 

205,9786 

31 

172,5468 

1168,9915 

,  UUOOUUQO 

212,9506 

32 

178,2060 

*831,0227 

.UUOOUUOO 

219,9356 

33 

184,8564 

1169,0597 

,01'OOUUOO 

220,9122 

34 

189,5215 

4831,0221 

.OOOOUUOO 

233,9021 

35 

195,1844 

1168,9779 

,  OOOOUUOO 

240,6913 

36 

200,8342 

4631,0077 

,  UUOOUUOO 

24/, 86/9 

37 

206,4899 

1168,9882 

.UUOOUUOO 

254,64/7 

38 

212,1436 

*831 ,0030 

.OUOOUUOO 

261,6263 

39 

217,8108 

1168,9785 

.OOOOUUOO 

268,8197 

40 

224,4742 

4831,0220 

.UUOOUUOO 

275,6094 

41 

229,1301 

1168,9786 

.UUOOUUOO 

282, 7926 

42 

234,7935 

*831 , 0220 

.OOOOUUOO 

289,7823 

43 

240,44*4 

1168,9861 

,  OOOOUUOO 

290,7589 

44 

246,0968 

4830,9504 

(OOOOUUOO 

303,7365 

45 

251,7574 

1168,9761 

,  uirooouoo 

31 U ,  7197 

46 

257,4090 

4830,8335 

.OOOOUUOO 

31/, 69/3 

47 

264,0653 

1168,9832 

,  0  0  0  0  U  0  o  o 

324,67/7 

48 

268,7321 

♦831,0258 

.UUOOUUOO 

331,6655 

49 

274,3825 

1169 , 1649 

.uuocuuoo 

338,6434 

50 

280,0486 

*831,0239 

,  OOOOUUOO 

345,6309 

51 

285,7074 

1168,9775 

(OOOOUUOO 

352,6130 

52 

291,3712 

4831,0244 

.uooouooo 

359,6021 

53 

297,0244 

1168,9040 

.OOOOUUOO 

360 , 56U  7 

A'YQIS  DSG«*30,000 

EPSILON*  ,5000 

CELT  *>3000 

MIN  DELTAilOU 

SIN  TEST •  ,11 

Table  5.  3. 2.  5 
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WAY  TRACE  ANALYSIS  PPJCiHAN-  H  D  MIMNGHAM  .  c  A-iJbl-Ul  ) 

ray  number *  t  initial  a* ule*  -io.ooo  degree 


list  or  TUHNMU  points  0.5574  sec/mile  TOTAL  TIME  2:45 


NUMBER 

RANuf-  NM 

IlfP  i  H  M 

a  i  Ne 

SELOnup 

1 

2,8272 

1164,9793 

.uuoouuoo 

3  .  49U4 

2 

d ,4B17 

4831 i 0207 

.UUOOUUOO 

1U , 4720 

3 

14, 1*62 

1164,9793 

, uuoouuoo 

1/  ,4536 

4 

19,7908 

4831 . 0207 

.uuoouuoo 

24 . 4351 

5 

25,4453 

116s  t  979  3 

, UUOOUUOO 

31,4167 

6 

31,0997 

4831.0207 

,  UUOOUUOO 

3b , 3982 

7 

39 , 7543 

1164,9793 

, uuoouuoo 

45,3798 

8 

42,4088 

4831,0207 

, UUOOUUOO 

5< , 3614 

9 

48 ,0634 
53,7179 

1164,9793 

.UUOOUUOO 

59,3429 

10 

4831,0206 

.UUOOUUOO 

.UUOOUUOO 

66,3245 

11 

59,3724 

1164,9793 

73.3060 

12 

69,0269 

4831, 0207 

.UUOOUUOO 

8U.26/6 

13 

70,6814 

1168,9793 

.uuoouuoo 

8/ ,2692 

1 * 

79,3360 

4831,0207 

.UUOOUUOO 

94.25U8 

15 

81,9905 

116«i 9793 

.uuoouuoo 

101,2323 

16 

8/. 6450 

4831,0207 

.uuoouuoo 

106.2139 

17 

93,2995 

1164,9793 

.UUOOUUOO 

115,1954 

18 

98,9541 

4831.0207 

.UUOOUUOO 

122,17/0 

19 

104,6066 

1164 ,9793 

.UUOOUUOO 

129,1586 

20 

110,2631 

4831.0206 

.uuoouuoo 

136 , 14U2 

21 

119,9176 

1164,9793 

.uuoouuoo 

143,1217 

22 

121,5722 

4831.0207 

.UUOOUUOO 

15'J  ,  1033 

23 

127, 2267 

1168,9793 

.UUOOUUOO 

15/ , UB4« 

24 

132,8813 

4831,0207 

.UUOOUUOO 

16** ,  0664 

25 

138,5357 

1164,9794 

.UUOOUUOO 

171 , 0480 

26 

144,1902 

4831.0207 

.UUOOUUOO 

17B.D2V5 

27 

149,8448 

1164,9793 

,  UUOOUUOO 

185,0111 

28 

155,4993 

4831,0207 

.UUOOUUOO 

191,9927 

29 

161,1539 

1164 , 9793 

.UUOOUUOO 

190,9742 

30 

166,8063 

4831 . 0206 

.UUOOUUOO 

209,9598 

31 

172,4628 

1164,9793 

.UUOOUUOO 

212,93/3 

32 

178.U74 

4831.0207 

.  UUOOUUOO 

219,918? 

33 

183,7719 

1164,9793 

.UUOOUUOO 

.UUOOUUOO 

226.90U5 

34 

109,4265 

199,0809 

4831,0207 

233,8821 

35 

1169,9794 

.UUOOUUOO 

24U  ,8636 

36 

200,7354 

4831,0207 

.UUOOUUOO 

24/, 8491 

37 

206,3900 

1164,9793 

.UUOOUUOO 

25* ,8267 

38 

212,0445 

4831,0207 

.UUOOUUOO 

261,8083 

39 

217,6991 

1169,9793 

.UUOOUUOO 

268,7899 

40 

223,3536 

4831,0206 

.UUOOUUOO 

275,7714 

41 

229,0080 

1164,9793 

.UUOOUUOO 

282,7530 

42 

234,6626 

4831,0207 

.uuoouuoo 

289,73*5 

43 

240,3171 

1169,9793 

, UUOOUUOO 

296,7161 

44 

245,9717 

4831,0207 

. UUOOUCOO 

303,69/7 

45 

251,6262 

1164,9794 

.UUOOUUOO 

31 U  ,  6792 

46 

257,2806 

4831,0207 

, UUOOUUOO 

31/  ,66U8 

47 

262,9352 

1168,9793 

.UUOOUUOO 

32*  ,  6424 

48 

268,5897 

4831,0207 

, UUOOUUOO 

331,6239 

49 

274,2443 

1164 , 9793 

.UUOOUUOO 

338,6095 

50 

279,8988 

4831 , 0206 

, UUOOUUOO 

345,58/1 

51 

209,5533 

1164,9793 

.UUOOUUOO 

352,5686 

52 

291,2078 

4831 . 0207 

.UUOOUUOO 

359 , 5502 

53 

290,8623 

1168,9793 

.uuoouuoo 

366,5317 

ANGLE  DEfi»-30,000 

EPSILON*  ,5000  DELTa*1000 

Table  5 .  3 .  2.6 

MIN  DEL  T  AslO  U 

SIN  TEST*  ,020 
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{ 

f 


TRACE  ANALYSIS  PRUGRA*-  R  D  M  I  N  I  NGHAH  »  (  A»ir  U  J  «U1  ) 

KAY  NUM0£R  *  7  INITIAL  AT  GlE»  >30  t  0  0  0  DEGREES 

CO?H 


* 

LIST  or  TURNING 

POINTS  0. 

3547  aec/mile 

TOTAL  TIME  I: 

45 

number 

CtljljC  UH 

hr  nTu  u 

«>  r  r  1,1  *  > 

b  I  NL 

1 

4,8271 

1164.9793 

,  UbQOUUOO 

V  In  >  V  1 1  U  > 

■5.AVU0 

j 

2 

8,4019 

4831,0202 

,  UOOOUOOO 

1 U  ,  A  729 

. 

3 

14,1370 

1168,9798 

,  OtOOUUoO 

i/,4566 

\ 

j 

4 

19, 792J 

4b?l,0202 

,  uuoouuoo 

2A.44U4 

5 

28,4475 

1164,9798 

.UUOOUUOO 

31,4242 

6 

31,1027 

4831,0202 

.UUOOUUOO 

30 , 40d0 

I 

7 

36 , 7579 

1168.9798 

,  UUG0UU0Q 

45,3918 

1 

8 

42,4131 

4831,0202 

,  UUOOUUOO 

54,3756 

9 

48,0683 

1168,9798 

,  U  1,  0  0  U  U  o  0 

5» , 3595 

I 

10 

53 , 7236 

4831.0202 

.UOOOUUOO 

60,3433 

r 

11 

59,3788 

1169.9798 

.uuoouuoo 

7-5.32/1 

12 

65 , 0340 

4831,0202 

.ULOOUUOO 

0  U , 31 U  V 

13 

70,6892 

1168,9798 

.UUOOUOflO 

e/,2947 

i 

14 

76,3444 

4831.0202 

,  UOU0UU00 

94,2/85 

i 

15 

81,9997 

1168.9798 

.OUCOUUQO 

101,2623 

i 

16 

87,6549 

4831,0202 

,  UU0OUUO0 

100,2462 

[ 

17 

93.3101 

1168,9798 

.UUOOUUQO 

U5.23UC 

16 

98,9653 

4831,0202 

.UUOOUUQO 

124,2138 

IV 

104,6205 

1168,9798 

.UUOOUUOO 

129,19/6 

20 

110,2758 

4831,0202 

.UUOOUUOO 

136,1814 

21 

115,9310 

1168,9798 

, UL00UU00 

148,1652 

22 

121,5862 

4831,0202 

, UUOOUUOO 

15U.149Q 

j 

23 

127,2414 

1164,9798 

.UUOOUUOO 

lb/,1328 

24 

132,8966 

4831,0202 

.UUOOUUOO 

l64,m>7 

25 

138,5518 

1168,9798 

.UUOOUUOO 

171.10U5 

26 

144,2071 

4831,0202 

.UUOOUUOO 

178,0843 

27 

149,8623 

1168,9798 

,  UUOOUUOO 

105,0681 

28 

155,5175 

4831,0202 

.UUOOUUOO 

194,0519 

• 

29 

101.1727 

1168,9798 

.UUOOUUOO 

19V, 0357 

30 

166,8279 

4831,0202 

.UUOOUUOO 

206,0195 

31 

172,4831 

1168,9798 

,DUOOUUOO 

21-1,  0033 

32 

178,1384 

4831,0202 

.UUOOUUOO 

219,98/1 

33 

183,7936 

1165,9790 

.UUOOUUOO 

226,9710 

34 

189,4488 

4831,0202 

.UUOOUUOO 

233,9540 

35 

195,1040 

1168, 979B 

.UUOOUUOO 

240,9386 

36 

200 , 7592 

4831,0202 

.UUOOUUQO 

24/  ,9224 

37 

206,4144 

1168,9798 

.UUOOUUOO 

254,9062 

38 

212,0697 

4831,0202 

.UUOOUUOO 

26 1 , 8  9U  0 

* 

39 

217,7249 

1168,9798 

.UUOOUUOO 

268,8730 

40 

223,3801 

4831,0202 

.UUOOUUOO 

275,85/6 

i 

41 

229,0353 

1165,9798 

.UUOOUUOO 

282,8414 

i 

42 

234,6905 

4831,0202 

.UUOOUOOO 

20V, 8252 

J 

43 

240,3457 

1168,9798 

.uuoouuoo 

296,80V! 

1 

1 

44 

246,0010 

4831,0202 

.UUOOUUOO 

303,7929 

45 

251,6562 

1168,9796 

.UUOOUUOO 

31U , 7767 

j 

46 

257,3114 

4831,0202 

.UUOOUUOO 

31/.76U5 

47 

262,9666 

1168,9798 

.UUOOUUOO 

324,7443 

■ 

48 

268,6218 

4831,0202 

.UUOOUUOO 

331,7281 

’ 

49 

274,2770 

1165,9796 

, UUOOUUQO 

338,7119 

50 

279,9323 

4831,0202 

.UUOOUUOO 

345,6957 

51 

285,5875 

1168,9798 

.uuoouuoo 

352,6795 

52 

291,2427 

4831,0202 

, UUOOUUQO 

359,6633 

* 

53 

296,8979 

1168,9798 

.OUQOUOQO 

366,64/1 

ANGLE  DEG*»30  *  0 0 0 

EPSILON*  ,5000  DELTA»300O 

MIN  CELT  A*100  SIN 

TEST*  ,020 

Table  5.  3.  2.7 
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RAY  TRACE  ANALYSIS  program-  R  D  MINJNGHAM  .  (A-2U1-01) 

HAY  NUMBER*  8  INITIAL  ANGLE*  .30,000  DEGREES 

t  CUSH 

List  or  TURNING  POINTS  0.3547  sec /mile  TOTAL  TIME  i:45 


NUMBER 

range  nh 

depth  m 

SINE 

1 

2,8271 

1164,9876 

,guoouuoO 

2 

0,4016 

4831 • 0120 

,  UUOOUUflO 

3 

14,1364 

1168,9884 

.UOOOUUOO 

4 

19,7911 

4831,0113 

,00000000 

5 

25,4461 

1164,9793 

,  uuoouuoo 

6 

31,1011 

4831,0207 

.OUOQOOoO 

7 

36,7561 

1164,9793 

.uuoouuoo 

a 

42,4112 

4831,0206 

, uuoouuoo 

9 

40,0661 

1168,9794 

,000001)00 

10 

53,7210 

4831,0206 

.OOOOUOoO 

11 

59,3759 

1168,9794 

.OUOOUOOO 

12 

66,0307 

4831,0206 

.UUOOUUOO 

13 

70.6855 

1160,9794 

, uuoouuoo 

14 

76,3402 

4031,0206 

.UOOOUOQO 

15 

81,9949 

1160,9794 

.UUOOUOOO 

16 

87,6490 

4831,0207 

.UUOOUUOO 

17 

93,3040 

1168,9793 

.UUOOUOOO 

18 

90,9590 

4631,0207 

.uuoouuoo 

19 

104,6140 

1168,9793 

.UUOOUOOO 

20 

110,2697 

4831,0207 

.UUOOUOOO 

21 

115,9247 

1168,9793 

.UUOOUOOO 

22 

121,5797 

4631,0207 

.UUOOUOOO 

23 

127.2346 

1168,9793 

.uuoouuoo 

24 

132,8895 

4831,0207 

.uuoouuoo 

25 

130,5444 

1168,9793 

.UUOOUOOO 

26 

144,1994 

4831,0207 

.UUOOUOOO 

27 

149,8543 

1168,9793 

.UUOOUUOO 

28 

155,5002 

4031,0207 

.uuoouuoo 

29 

161,1641 

1168,9793 

.OUOOUOOO 

30 

166,8189 

4831,02-07 

.uooouooo 

31 

172,4730 

1168,9793 

.UUOOUUOO 

32 

178,1287 

4631,0207 

.UUOOUOOO 

33 

103,7035 

1168,9793 

.UOOOUUOO 

34 

109,4384 

4631,0207 

.OUOOOOQO 

35 

195,0933 

1168,9793 

.UUOOUUOO 

36 

200,7482 

4831,0207 

.UUOOOUOO 

37 

206,4031 

1168.9793 

.UUOOUOOO 

38 

212,0579 

4831,0207 

.UUOOUUOO 

39 

217.7126 

1168,9793 

.OUOOUOOO 

40 

223,3677 

4631,0207 

.UOOOUUOO 

41 

229,0226 

1168,9793 

.OOOOUOOO 

42 

234,6774 

4831,0207 

.UUOOUOOO 

43 

240,3323 

1168,9793 

.UOOOUOOO 

44 

245,9072 

4831,0207 

.U800U009 

45 

251,6420 

1168,9793 

.UOOOUUOO 

46 

257,2969 

4831,0207 

.UOOOUUOO 

47 

262,9518 

1168,97.93 

.UOOOUUOO 

48 

260,0067 

4631,0207 

.UOOOUUOO 

49 

274,2615 

1168,9793 

.uuoouuoo 

50 

279,9164 

4831,0207 

.OOOOUOOO 

51 

205,5713 

1168,9793 

.UUOOOOQO 

52 

291,2261 

4831,0207 

.UOOOUUOO 

53 

296,8810 

1168,9793 

,00.009000 

ANGLE  DEG**30,000 

EPS tLON*2,0000 

delta*iooo 

min  DELTAaIOO 

SECONDS 
i ,  46»6 
10,4712 
1/ ,  4*»-!9 
2*,  4345 
31,41*6 
36,3906 
4? ,  366  U  7 
54,3627 
5*, 3447 
66,32*6 
73,30*5 
6U  ,  2904 
0/  ,2722 
94,2539 
101,23*6 
106,21/6 
116,1996 
122,1816 
129,1636 
136,1466 
143,1276 
156,1096 
157,0915 
164,0735 
171,0565 
176,03/4 
185,0193 
192,0013 
196,9832 
205,9651 
212,94/0 
219,9209 
220,9108 
233,0927 
240,8746 
247,65*5 
254,8305 
261,0204 
266,0023 
275,7042 
202,7661 
209,7400 
296,7299 
303,7118 
310,6937 
317,6756 
324,65/5 
331,6394 
336,6213 
345,6031 
352,5050 
359,5669 
366,5400 

SIN  TEST •  ,100 


Table  5.  3. 2 . 8 
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WAY  TRACE  ANALYSIS  PWUGflAM.  « 

0  M 1 m I NGhaM 

-  IA.201-U1) 

WAY  NUMBER* 

9  INITIAL  AAGLE*  >30,000 

DEG«Efe5 

COSH 

list  or  turning 

POINTS  0.5574 

sec /mile 

TOTAL  TIME 

2:45 

UllMgPO 

PINUP  MM 

OpoTH  M 

SINk 

SECONDS 

*~1 

2^8272 

1168,9793 

, OUQOUGCO 

3.49U4 

a 

8,4817 

«83l i 0207 

.UUO0UUQ0 

1U.4720 

3 

14,1362 

1168,9793 

, UUOOUUOO 

1 / , 4J36 

4 

19,7908 

4831,0207 

, uuoouuoo 

28,4351 

5 

26,4453 

1168,9793 

, UU00UUQ0 

31 1 4167 

6 

31,0997 

4831,0207 

, uuoouuoo 

30,3982 

7 

36,7543 

1168,9793 

, UUOOUUOO 

45,3790 

8 

42,4088 

4831,0207 

, uuoouuoo 

52,3614 

9 

48,0634 

1168,9793 

.uuoouuoo 

59,3429 

10 

53,7179 

4831 , 0206 

.uuoouuoo 

66,3245 

11 

59,3724 

1168,9793 

.UUOOUUOO 

73,3060 

12 

65,0269 

4831,0207 

. UUOOUUOO 

8U.28/6 

13 

70,6814 

1168,9793 

, UUOOUUOO 

8/, 2692 

14 

76,3360 

4831.0207 

, UUOOUUOO 

98.25U6 

15 

81,9905 

1168,9793 

.UUOOUUOO 

101,2323 

14 

8/, 6450 

4831.0207 

, UUOOUOQO 

100,2X39 

17 

93,2995 

1168,9793 

, OUOQUUQO 

115,1954 

18 

98,9541 

4831,0207 

, UUOOUUOO 

122,17/0 

19 

104,6086 

1168,9793 

, UUO0UO00 

129 , 1566 

20 

110,2631 

4831 i 0206 

, uunouuoo 

130.14U2 

21 

115,9176 

1168,9793 

, UUOOUUOO 

143,1217 

22 

121,5722 

4831,0207 

, UOOOUUQO 

15U.1033 

23 

127,2267 

1168,9793 

.UUOOUUOO 

15/, 0848 

24 

132,8813 

4831,0207 

.UUOOUUOO 

168,0664 

25 

138,5357 

1168,9794 

.OOOOUUOO 

171,0460 

26 

144,1902 

4631,0207 

.UUOOUUOO 

170,0295 

27 

149,8448 

1168.9793 

.UUOOUUOO 

165,0111 

28 

155,4993 

4831,0207 

.UUOOUUOO 

191,9927 

29 

161,1539 

1164,9793 

,  UUOOUUOO 

190,9742 

30 

166,8083 

4831,0206 

, UUOOUUOO 

205,9558 

31 

172,4626 

1168,9793 

.  UUOOUUOO 

2X2,93/3 

32 

178,1174 

4831,0207 

.UUOOUUOO 

219,9169 

33 

183,7719 

1164,9793 

,  0UQ0UU0Q 

226.90U5 

34 

189,4265 

4831,0207 

.UUOOUUOO 

233,8821 

35 

195,0809 

1168,9794 

.UUOOUUOO 

24  U ,  86  36 

36 

200,7354 

4631,0207 

.UUOOUUOO 

24/, 8451 

37 

206,3900 

1164,9793 

.UUOOUUOO 

258,8267 

38 

212,0445 

4831,0207 

.OUOOUOOO 

261,8083 

39 

217,6991 

1168,9793 

.UUOOUUOO 

260,7899 

40 

223,3536 

4831,0206 

.UUOOUUOO 

275,77X4 

41 

229,0080 

1166,9793 

, OUOOUU0O 

282,7530 

42 

234,6626 

4831,0207 

,  UUOOUUOO 

289,7345 

43 

240,3171 

1164,9793 

, OOOOUUOO 

290,7X61 

44 

245,9717 

4831,0207 

,  uuoouuoo 

303,69/7 

45 

251,6262 

1168,9794 

.UUOOUUOO 

31U ,6792 

46 

257,2806 

4831,0207 

,  OUOOUOOO 

3X/.66U8 

47 

262,9352 

1168,9793 

.  UUOOUUOO 

328,6424 

48 

268,5897 

4831,0207 

.UUOOUUOO 

331,6239 

49 

274,2443 

1168,9793 

.UUOOUOOO 

330,6055 

50 

279,8988 

4831,0206 

.UUOOUUOO 

345,58/1 

51 

285,5533 

1168,9793 

.UUOOUUOO 

352,5666 

52 

291,2078 

4831,0207 

,  UUOOUUOO 

359.55U2 

53 

296,8623 

1168,9793 

.UUOOUUOO 

360,5317 

ANGLE  deg*. 30,000 

EPS!LON*2,0000 

OEI.Ta*1000 

MIN  DELTAilOO 

SIN 

TEST*  ,02i 

Table  5.  3.  2.  9 
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fUV  TRACS  ANALYSIS  PROGRAM.  R  D  MInINGHAM  .  IA-2U1-U11 

ray  number*  io  initial  angle*  .30,000  degrees’ 

COSH 


UST  or  TURN!  40 

POINTS  0.1851 

amr /mi  1* 

TOTAL  TIME 

A.  CC 

NUMBER 

RANGE  NM 

DEPTH  m 

SINE 

SECONDS 

1 

2,4349 

1148. 

9743 

.  ouonuugo 

*  A  f%  It  A 

-  1  1  p  -  - 

? 

4,4998 

4831  , 

0257 

'.OUOOUUOO 

1U , 4835 

3 

14,1648 

1169, 

9743 

,  OUOOUUOO 

1/.4794 

4 

19,4297 

*831, 

0257 

, OUOOUOoO 

24.46V3 

5 

25,4947 

1168, 

9743 

,  OUOOUUoO 

31,4622 

6 

31,1996 

4831, 

0257 

,00009000 

3»,4551 

7 

36,4245 

1168. 

9743 

,00000000 

45,4480 

6 

42,4895 

4631, 

0257 

,00009000 

54,4409 

9 

46,1544 

1168, 

97*3 

,00009000 

59,4338 

10 

53,4194 

4831, 

0257 

, OUOOUUoO 

65,4267 

11 

59,4843 

1168, 

9743 

,00009000 

73.41V6 

12 

65,1493 

4831. 

0297 

,09009000 

0U , 4125 

13 

70,8142 

1166  i 

9743 

,00009000 

8/ ,4054 

14 

76,4791 

<831, 

0257 

,  UUOOOUQO 

94,3983 

19 

62,1441 

1168, 

9743 

,  OUOOUUOO 

101,3912 

14 

87,4090 

4831  , 

0257 

,  OUOOUUoO 

105,38*1 

17 

93,4740 

1168, 

9743 

.OUOOUOOO 

115,37/0 

IB 

99,1389 

4831, 

0257 

,  09009000 

122,3699 

19 

104,4039 

1168, 

9743 

,  OUOOUUOO 

129,3620 

20 

110,4688 

4831, 

0257 

.OUOOUUOO 

136,3557 

21 

116,1337 

1168  j 

9743 

, OUOOUUOO 

143,3486 

22 

121,7987 

*831, 

0257 

,  OUOOUUOO 

15U.3415 

23 

127,4636 

1168, 

9743 

,  OUOOUUOO 

15/, 3344 

24 

133,1246 

4431. 

0257 

, OUOOUUOO 

164,32/3 

29 

138,7939 

1168, 

9743 

,  OOOOUUQO 

171,3202 

24 

144,4964 

4831, 

0257 

.OUOOUUOO 

178,3X31 

27 

150,1234 

1168, 

9743 

.OUOOUUOO 

185,3060 

24 

155,7843 

4831  , 

0257 

.OUOOUUOO 

192,2989 

29 

161,4933 

1168  i 

9743 

,  OUOOUUOO 

199,2918 

30 

167,1142 

4631. 

0257 

,  OUOOUUOO 

206, 2847 

31 

172,7432 

1168, 

9743 

,00009000 

213,27/6 

32 

178,4441 

<631, 

0257 

,  OUOOUUOO 

229,2705 

33 

184,1130 

1161 1 

9743 

.OUOOUUOO 

22/, 2634 

34 

18V, 7780 

4831, 

0257 

, OUOOUUOO 

23«,2563 

39 

195,4429 

1168, 

9743 

,  OOOOUUQO 

241,2492 

34 

201,1079 

<•31, 

0257 

, OUOOUUOO 

246,2421 

37 

206,7728 

1166 1 

9743 

, OUOOUUOO 

255, 2350 

34 

212,4377 

4831i 

0257 

, OUOOUUOO 

262,22/9 

39 

218,1027 

1168, 

9743 

.OUOOUUOO 

269,2208 

40 

223, 7676 

4831, 

0257 

,  OUOOUOOO 

276,2137 

41 

229,4326 

1168  ■ 

9743 

.OUOOUUOO 

283,2066 

42 

235,0975 

4831, 

0257 

, OUOOUOOO 

290,1995 

43 

240,7624 

1166, 

9743 

, OUOOUUOO 

29/, 1924 

44 

246,4274 

4831, 

0257 

.OUOOUOOO 

30*,1853 

49 

292,0923 

1166, 

9743 

, OUOOUUOO 

311,1782 

44 

257,7573 

4831, 

0257 

, uuoouuoo 

316,1711 

47 

263,4222 

1168, 

9743 

, OUOOUOOO 

325,1640 

44 

269,0872 

4831i 

0257 

,  OUOOUOOO 

332,1569 

49 

274,7521 

1168, 

974  J 

,  OUOOUOOO 

339,1496 

90 

280,4170 

4831, 

0257 

.OUOOUUOO 

346,1427 

91 

286,0820 

1168, 

9743 

, OUOOUOOO 

355,1356 

92 

291,7469 

4831, 

0257 

, OUOOUUOO 

360,1285 

93 

297,4119 

1168, 

9743 

.uuoouooo 

36/, 1214 

NQI .E  DEG*. 30, 000 

EPSILON»2,OLOO 

DEL  1**300  0 

MIN  delta. 300 

SIN  TEST*  .10 

Table  5.3.2.10 
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WAY  TRACE  ANALYSIS  PROGRAM. 

R 

D  HIntNGHAM 

.  [A-2M.U1| 

RAY  NUMBER* 

11  INITIAL 

ANGLE*  .30,000 

degrees 

COSH 

list  or  turning 

POINTS  0.3209 

sec /mile 

TOTAL  TIME  1: 

35 

NUMBER 

RANGE  NM 

depth  M 

SINE 

SECONDS 

1 

2,8271 

1168 i 9793 

.QUOOJUOO 

4.4900 

•y 

U ,  48i v 

4631 1 0202 

,  OUOOUUQO 

10,4729 

i 

14,1370 

1168,9798 

,  OUOOUUQO 

1/.4566 

4 

19,7923 

4631,0202 

»  UliOQUUflO 

24,4404 

5 

25,4475 

1168,9798 

,  QOOOUO0O 

31,4242 

6 

31,1027 

4631,0202 

,  UUOOUOOG 

30,4000 

7 

36,7579 

42,4131 

1168,9798 

,  uooouooo 

45,3918 

6 

4831,0202 

,  UOQQUU00 

52,3756 

9 

46,0683 

1168,9798 

,00000000 

59,3595 

10 

53,7236 

4831,0202 

,00  0001)00 

66,3433 

a 

59,3708 

1168,9796 

,  UUOOUOOO 

79,32/1 

12 

65,0340 

4831,0202 

,00000000 

80,3109 

13 

70,6892 

1168,9796 

,  OOOOUUOO 

8/, 2947 

14 

76,3444 

4831,0202 

,  uooouooo 

94,2705 

15 

81,9997 

1168,9798 

,  UOOOOUQO 

101,2823 

16 

87,6549 

4831,0202 

,00000000 

106,2402 

17 

93,3101 

1168,9798 

, UOOOOUQO 

115,2300 

ifl 

98,9653 

4831,0202 

,00000000 

122,2130 

19 

104,6205 

1168,9798 

,00000000 

12V.19/6 

20 

110,2758 

4831,0202 

, oooouooo 

136,1814 

21 

115,9310 

1168,9798 

, UOUOUU0O 

149,1652 

22 

121,5862 

4831,0202 

,00000000 

15U, 14V0 

23 

12', 2414 

1168.9798 

, UOOOUOOO 

15 ' , 1328 

26 

132,8966 

4831,0202 

.OOOOUUOO 

184,1167 

25 

136,5518 

1168,9798 

,00000000 

171,1005 

26 

14A.2071 

4831,0202 

, uooouooo 

170,0843 

27 

149,6623 

1168,9798 

,00000000 

185, 0601 

26 

155,5175 

4831,0202 

.oooouooo 

192, 0519 

29 

161.1727 

1168.9796 

.UOOOOUQO 

19V, 0357 

30 

166,8279 

172,4831 

4831,0202 

, UOOOUOOO 

206,0195 

31 

1168,9798 

,00000000 

213,0093 

32 

176,1384 

4831,0202 

, UOOOUOOO 

219,98/1 

33 

183,7936 

1168.9798 

.OOOOUOOO 

226,9710 

34 

189,4488 

4831,0202 

,00000000 

234,9540 

35 

195,1040 

1168,9798 

, OOOOUUOO 

240,9306 

36 

200,7592 

4831,0202 

, OOOOUUOO 

24/, 9224 

37 

206,4144 

1168,9796 

,00000000 

258,9002 

36 

212,0697 

4831.0202 

,00000000 

261,8900 

39 

21/, 7249 

1168,9798 

.OOOOUUOO 

260,0730 

40 

223,3801 

4631,0202 

.OOOOUOOO 

275,85/6 

41 

229,0353 

1168,9790 

,00000000 

202,0414 

42 

234,6905 

4831,0202 

.UOOOUOOO 

209,8252 

43 

240,3457 

1168,9798 

,00000000 

296,8091 

44 

246,0010 

4031,0202 

,00000000 

303,7929 

45 

251,6562 

1168,9796 

4831,0202 

,  uooouooo 

310,7707 

46 

257,3114 

,00000000 

31/, 7605 

47 

262,9666 

1168,9798 

,00000000 

328,7443 

48 

266,6218 

274,27/0 

4831,0202 

,00000000 

331,7281 

49 

1168,9798 

,00000000 

338,7119 

50 

279,9323 

4831,0202 

,00000000 

345,6957 

51 

285,5875 

1168,9798 

,00000000 

352,6795 

52 

291,2427 

4831,0202 

.OOOOUUOO 

359,6633 

53 

296,8979 

1168,9798 

,00000000 

360,64/1 

angle  DEG*  >30  •  0 0 0 

EPSIL0N*Z, 0000 

CELT  A*3O00 

MIN  DELTAilOO  SIN 

TEST*  ,020 

Table  5.3.2.  )  1 
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BAY  TRACE  ANALYSIS  BHOOB**.  R  0  H  J  N  t  NOM  AH  -  t  A- 2  C  1.  -  U  i  J 
H*Y  NUMBER*  12  INITIAL  ANGLE*  -30 ,000  DEGREE* 


list  or  TUNNING  POINT*  0.5574  >«c/aue  - 

uiiuBED  BiNGF  nH  Depth  m  sine  seconds 

3  9,4817  4831,0207  ,  00000000  J“«*7*0 

3  14,136?  1168,9793  ,UU00«U0O 

4  1V.7908  4831,0207  ,  00000000  »?•«»?* 

3  25,4453  1168,9793  ,00000000  **•*£** 

4  31,0998  4831,0207  ,00000000  *?•*’“* 

7  36,7342  1168,9793  ,00000000 

6  42.4088  4831,0207  ,00000000  52,3613 

!  }S till  1168 : 9793  ,00000000  59.34*9 

H  53,7178  4831,0206  ,00000000 

,y  37S3  1168,9793  ,00000000  73,3059 

l  4631 1 0207  ‘,  00000000  80,2.74 

U  70  66U  1168,9793  ,00000000 

14  76,3358  4831,0207  .UOOOUOflO  ’*'”5? 

7-  *1  oqOs  1168,9793  ,00000000  101,23*1 

SitKJJ  »»:•»’  :•«••••;  ;;*•»« 

17  93,2993  1168,9793  ,  00000000 

l.  98,9538  4831,0207  .  ®°<j<>‘|'’0°  12v'l583 

19  104,6084  1168,9793  ,  00000000 

20  110,2629  4831,0207  ,00000000 

21  115,9174  1168,9793  .UU00UU0O  JJ*'J**J 

22  1219719  4831,0206  .00000000  150,10*9 

15  127  2264  116819794  >OOOUOflO  157,0844 

24  132  6809  4831,0206  ,0OO0UU00  16**0659 

23  lliSSZ  1168*9793  >0000000  171,04/4 

26  144,1698  4831,0207  .OUQQUUOO  Hi'S?!! 

,,  ,49  a,i]  1168,9793  ,00000000  165,0104 

ll  iS?:!55i  SS*  Ko?  moobboo  191,9919 

\\  Si  1W4  1161,9793  >0000000 

30  166,8079  4831,0207  .OOOOOUOO 

31  172,4629  1168,9794  •  0?!!!!n“fl?  aJv’oiai 

■*3  178  1169  4831,0207  ,00000000  21Y,9181 

\\  }|!  7H4  ms.9793  >0000000  826,8907 

34  169,4259  4831,0207  ,00000000  ”*•*•** 

3»  195,0604  1168,9793  .OOOOUUOO  JI/'Saa! 

36  200,7350  4831,0207  ,00000000  **>**** 

37  206  >694  1168,9793  .OOOOOUflO 

!•  212.0439  4831,0207  ,00000000  261,8074 

39  217,6984  1168,9793  ,00000000 

40  223,3329  4831,0207  ,00000000 

41  229,0073  1168,9793  ,00000000 

42  234,6620  4931,0206  ,  00000000 

43  240,3164  1168,9793  ,00000000 

44  245,9709  4831,0207  ,00000000 

4>  251.6233  1168,9793  ,00000000  310,6782 

46  257,2800  4631,0207  ,  OOOOUOOO 

47  262,9343  1168,9794  ,00000000 

48  268,5689  4831,0207  ,00000000 

49  274,2434  1168,9793  ,00000000 

50  279,8979  4831,0207  ,00000000 

«<  28b  5%23  1168|9793  ,00000000  35*,5675 

\\  iJiJa?*!  4 8 3 1 1  0 2 0 6  ,00000000  «V,34V0 

93  296,6614  1168,9793  .00000060  366,5305 

ANGLE  DEGp.10,000  EPSILON*  ,1000  dELTa*1000  "IN  DELTA*  20  SIN  TEST*  ,020 


COSH 

TTMV  O./.'i 


number 

1 

2 

3 

4 

5 

6 
7 
6 
9 

10 

11 

12 

13 

14 
1? 
16 
17 

15 

19 

20 
21 
22 

23 

24 
23 
26 

27 

28 

29 

30 

31 

32 

33 

34 
33 

36 

37 

38 

39 

40 

41 

42 

43 

44 
43 

46 

47 

48 

49 

30 

31 

32 
S3 


range  n« 

* ,8z7? 

6,4817 

14,136? 

19,7908 

25,4453 

31,0998 

36,7342 

42,4088 

46,0633 

53,7178 

59,3723 

65,0268 

70,6813 

76,3356 

81,9903 

87,6448 

93,2993 

98,9538 

104,6084 

110,2629 

115,9174 

121,3719 

127,2264 

132,8.09 

138,5354 

144,1698 

149,8443 

155,4989 

161,1534 

166,8079 

172,4623 

178,1169 

183,7714 

189,4239 

195,0604 

200,7350 

206,3894 

212,0439 

217,6984 

223,3329 

229,0073 

234,6820 

240,3164 

245,9709 

231,6233 

257,2800 

262,9343 

26«,5«89 

274,2434 

279,8979 

285,3523 

291,2070 

296,6614 


Depth  m 

iiOO|77»9 

4831,0207 

1166.9793 
4831,0207 

1168.9793 
4831 , 0207 

1168.9793 
4831,0207 

1168.9793 
4631,0206 

1168.9793 
4631,0207 
1168,9793 
4831,0207 
1168,9793 
4831,0207 
1168,9793 
4831,0207 
1168,9793 
4831,0207 

1168.9793 
4831,0206 

1169.9794 
4831,0206 
1168,9793 
4831,0207 
1168,9793 
4631,0207 

1168.9793 
4831,0207 

1168.9794 
4831,0207 
1168,9793 
4831,0207 
1168,9793 
4831,0207 
1168,9793 
4631,0207 
1168,9793 
4831,0207 
1168,9793 
4831 1  0206 
1168,9793 
4831,0207 

1168.9793 
4631,0207 

1168.9794 
4831,0207 
1168,9793 
4831,0207 
1168,979? 
4831,0206 
1168,9793 


SINE 

n  ti  n  £  m  n  *  n 
>0000000 
,  UOQ00U0O 
,00000000 
,00000000 
.OOOOUOOO 
,  OOOQOUQO 
.OOOOUOOO 
.OOOOUUOO 
.OOOOUOOO 
.OOOOUOOO 
.OOOOUOOO 
.OOOOUOOO 
,  OOOOUOOO 
.OOOOUOOO 
,  OOOOUUOO 
,  OOOOUOOO 
.OOOOUOOO 
.OOOOUUOO 
,00000000 
, OOOOUUOO 
.QU00UUQ0 
, OOOOUOOO 

, ouoouuoo 
, OOOOUOOO 
,  OOOOUUOO 
.OOOOUOOO 
,00000000 
,00000000 
.OUOOUUOO 
.OOOOUOOO 
,00000000 
.OOOOUOOO 
.OOOOUUOO 
.OUOOUUOO 
.OOOOUUOO 
.OOOOUUOO 
.OUOOUOOO 

.ouoouuoo 

.OOOOUOOO 
.OOOOUOOO 
,  OOOOUUOO 
,00000000 
.OUOOUUOO 
,00000000 
.OOOOUOOO 
,00000000 
, OOOOUOOO 
.OOOOUUOO 
.OOOOUOOO 
.OOOOUOOO 
.OOOOOUOO 
.00000000 


Table  5.  3.2.  12 
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RAY  TRACE  ANALYSIS  PROGRAM.  R  D  MiNMGHAK  .  [A. 201-01) 

Hay  NIJH9ER *  13  INITIAL  ANGlE*  -30  ,  000  DEGREE*1 

COSH 

LIST  or  TURNING  points  1.1993  sec/mile  TOTAL  TIKE  5:55 


angle 


NUMBER 

range  nm 

1 

2,8272 

2 

a , 4» 16 

3 

14,1361 

4 

19,7905 

5 

26,4449 

6 

31,0993 

7 

36,7537 

8 

42,40^1 

9 

46,0626 

10 

53 , 7l 7  0 

11 

59,3714 

65,0258 

12 

13 

70,6802 

14 

76,3347 

15 

81,9891 

16 

8/  ,6435 

17 

93,2979 

18 

96,9523 

19 

104,6067 

20 

110,2611 

21 

116,9156 

22 

121,5700 

23 

12/  ,2244 

24 

132,8788 

25 

138,5332 

26 

144,1876 

27 

149,8420 

155,4964 

28 

29 

161,1509 

30 

166,8053 

31 

172,4597 

32 

178,1141 

33 

183,7685 

189,4229 

34 

35 

195,0773 

36 

200,7317 

37 

206,3861 

38 

212,0405 

39 

21/ ,6949 

40 

223,3493 

41 

229,0038 

42 

234,6582 

43 

240,3126 

245,9670 

44 

45 

251,6214 

46 

257,2758 

47 

262,9302 

48 

268,5846 

49 

274,2390 

50 

279,8934 

51 

265,5478 

52 

291,2022 

296,8566 

53 

DEGaOO ,  0 0 0 

EPSILON*  ,1000 

DEPTH  h 
1168,9793 
4oai ,0207 

1168.9793 
4831,0207 

1166.9793 

SINfc 

.UUQOUUflO 

»  ii  8  a  ii  <1  «>  n 

( VYVWvgw 

.OUOOOUOO 

,00000000 

,U0Q00U00 

4831,0207 

.OUQOOUQO 

1168,9793 

.O000UU00 

4831,0207 

, UUQOUUOO 

1168,9793 

, UUOOUUOO 

4831,0207 

,00000000 

1168,9793 

, UUOOUUOO 

4831,0207 

.UUOOUUOO 

1168,9793 

.UUQ0UU00 

4831,0207 

.OUQ0UU00 

1168,9793 

.UUOOUUOO 

4631,0207 

,-QUOOUUOO 

1168,9793 

.UUOOUUOO 

4831,0207 

.UUOOUUOO 

1168.9793 

.QOOOUUOO 

4831,0207 

, UUOOUUOO 

1168,9793 

.UUOOUUOO 

4831,0207 

.UUOOUUOO 

1168,9793 

.UU0CUU00 

4831,0207 

,  UOOQQDOO 

1168,9793 

.  QDOOQOOO 

4831,0207 

, OU00UU00 

1168,9793 

,  QOOOUUOO 

4831,0207 

.uooouooo 

1168,9793 

,00000000 

4831,0207 

.UUOOUUOO 

1168,9793 

,  OUOOU'JOO 

4831,0207 

, OUOOUOOO 

1168,9793 

,  UUOOUUOO 

4631,0207 

,00000000 

1168,9793 

, UUOOUUOO 

4831,0207 

,  OOOOUOOO 

1168,9793 

,  OUOOUUOO 

4831,0207 

,  UUOOUUOO 

1168,9793 

.UUOOUUOO 

4831,0207 

.UUOOUUOO 

1168,9793 

, UOOOUOOO 

4831,0207 

, UOOOUOQO 

1168,9793 

, OUOOUUOO 

4831,0207 

, UUOOUUOO 

1168,9793 

, uooouooo 

4831,0207 

, UUOOUUOO 

1168,9793 

, UUOOUUOO 

4831,0207 

.OUOOUUOO 

1168,9793 

.uuoouuoo 

4831 ,0207 

, uuoouuoo 

1168,9793 

,  uuoouuoo 

4831 , 0207 

, QOOOUUOO 

1168,9793 

.OUOOUUOO 

DELTA*  250 

MIN  DELTA*  20 

SECONDS 
J, A906 
(ii  a  ?  y  n 

2«,4J4 6 
31,4159 
3B.39/3 
45,3706 
54,3599 
99,3412 
66,3226 
73,3039 
60,2892 
8/.26P5 
9*. 24/9 
101,2292 
106,"*  '15 
119,1V-® 

122,1/31 

129,1545 

136,1398 

143,11/1 

159 , 0984 

15/, 0797 

16«,0610 

171,0424 

176,0237 

189,0090 

191,9863 

196,96/6 

209,9490 

212,9303 

219,9116 

226,8929 

233,8742 

249,8595 

24/ ,8369 

254,8182 

261,7995 

266,7808 

279,7621 

282,7434 

289,7247 

296,7060 

303,68/4 

319,6667 

31  /  ,6560 

324,6313 

331,6126 

336,5939 

349,5762 

352,5565 

359,53/8 

366,5192 


SIN  TEST*  ,020 


Table  5.3.2.  13 
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5.4.  Bilinear  Profile 


The  bilinear  velocity  profile,  shown  in  rig.  36,  is  a  symmetrical 
profile  composed  of  two  constant  gradient  regions  It  is  formally  defined  by 

v(z)  =  1500  -  0.  05  (z-3000)  ;  z  <  3000 
v(z)  -  1500  ;  z  =  3000 

v ( z )  =  1500  +  0.  05  (z-  3000)  ;  z  >  .3000  (V.2) 

This  profile  is  easily  represented  in  the  ray  tracing  program  by  the  use  of 
a  limited  number  of  data  inputs  in  the  constant  gradient  regions,  but  the 
gradient  discontinuity  at  the  depth  of  3000  meters  can  only  be  approximated. 

The  present  program  interpolates  between  discretely  entered  data  inputs  to 
produce  a  smoothed  representation  of  the  profile  that  also  possesses  con¬ 
tinuous  gradients.  As  a  stratagem,  therefore,  the  break  in  the  gradient 
was  confined  to  a  depth  interval  of  ±  0.  50  meter  about  the  axis  of  the  pro¬ 
file  by  defining  the  profile  in  terms  of  the  data  inputs  of  Table  5.4.  1.  The 
3-point  fit  ayjplicd  to  each  data  entry  gives  a  curvature,  coefficient  D,  of 
0.20  at  the  axis  -  the  4-point  fit  used  in  the  ray  tracing  program  increases 
this  curvature  to  the  value  0.  40  at  the  axis  but  the  curvature  decreases  to 
zero  at  the  depths  3000  ±  0.  50  meters. 

With  the  exception  of  the  region  of  the  gradient  discontinuity  and 
for  transitions  across  it,  the  velocity  field  is  exactly  predicted  by  the 
velocity  field  expansion.  Also,  and  because  of  the  vanishing  curvature 
in  the  constant  gradient  regions,  the  iteration  equations  will  be  highly 
accurate.  It  follows  that  the  principal  result  of  the  tests  of  the  ray 
tracing  program  in  the  bilinear  field  will  be  to  test  the  ability  of  the 
t -test  to  sense  and  correct  for  the  gradient  discontinuity  at  3000  meters. 
Similarly,  the  use  of  large  minimum  iteration  intervals,  ,  will 

blur  the  effects  of  the  transition  of  the  rays  across  the  axis  of  the  profile 
insofar  as  they  are  projected  for  the  arc  length  by  an  expansion 

that  is  valid  on  only  one  side  of  the  axis. 

The  test  results  are  shown  for  a  -15°  ray  with  origin  at  the  axis 
of  the  profile  and  for  a  300-mile  ray  trace  in  Tables  5.  4.  2.  1  through 
5.4.211.  Again,  only  the  turning  point  data  are  presented.  As  with  the 
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hyperbolic,  cosine  velocity  field  the  turning  point  depths  are  calculated  with 
excellent  precision  for  all  of  the  control  parameters.  It  is  to  be  noted 
that  the  running  time  of  the  program  increases  with  A  for  fixed  values 
of  the  othei  control  parameters,  indicating  that  the  e  -test  is  not  only 
limiting  the  iteration  interval  but  that  an  increase  in  A  produces  an 
unnecessary  truncation  over  a  greater  fraction  of  the  arc  length  of  the  ray. 
In  contrast,  increasing  drastically  drops  the  computer  running 

time  although  it  does  this  at  the  cost  of  lower  accuracy  in  the  results. 

The  data  of  Tables  5.  4.  2. 7  and  5.4.2.  11  are  especially  interesting. 
For  these,  was  increased  to  100  meters.  Because  the  curvature 

at  the  origin  of  the  ray  was  0.  40,  the  firBt  iteration  of  the  ray  was  so  large 
that  it  reversed  the  sib..  the  sine  of  the  irunai  ray  angle,  producing  the 
apparent  turning  point  at  the  range  0.  0427  miles,  Subsequently,  the  semi¬ 
invariant  test  of  (III,  8)  compensated  for  this  error  but  the  residual  effect 
of  this  initial  "jog"  of  the  ray  shortened  the  range  of  the  first  turning 
point  by  0.  16  mile  In  the  subsequent  iterations  the  terminal  point  of  each 
iteration  never  fell  so  close  to  the  axis  that  a  further  false  turning  point 
of  this  type  could  occur.  These  data  demonstrate  not  only  that  the  para¬ 
meter  Am  must  be  carefully  selected  with  respect  to  the  properties  of 
the  input  data  but  also  shows  the  net  effect  that  can  be  expected  when  a 
serious  breakdown  of  the  control  tests  occurs,  Note  that  the  semi¬ 
invariant  test  was  able,  during  the  first  one-quarter  cycle  of  the  ray, 
to  reduce  the  error  to  0.  16  mile  -  had  there  been  no  correction  of  this 
type  the  test  results  would  have  been  absurd. 
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DEEP  PROFILE  AT  RANGE  305,000  MILES  TEMP  AT  OBSERVED  MAX  I  MUM  DEPTH*  6,658  DEG  CENTIGRADE 
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DEPTH-METERS  VELOCITy-m/SEC  Z  COEFFICIENT  d  COEFFICIENT 


HAY  T  M  A  Cl  c  ANALYSTS  W  D  M!N|.jbHAM  -  (A-201-VJll 

Hki  NIIMMPH*  1  INITIAL  A*liLfc*  -15.0  00  DEGREES  _ 

OiLinuiA 


list  of  lUHNHI. 

ROIMTb  0.5166 

Mc/lUl 

TOTAL  TCIO. 

2*35 

NUHHrR 

R  AMj  |- 

.IfP'H  M 

S  l  Ne 

SECONDS 

1 

4,3404 

19*1, 7145 

,  OtOOUUOO 

3,2968 

2 

13.0213 

4058.2855 

.00000000 

13.89U5 

3 

21 . 7C21 

19*1 . 7144 

, OOOOUUOO 

26.4842 

4 

30 .3830 

4058,2655 

,00000000 

3/, 07/9 

5 

39.0f,39 

1<’«1,  7145 

.OOOOUUOO 

4/ .6716 

6 

4/  ,7447 

41.58.2855 

,00009000 

56.2653 

7 

56 .4256 

19*1 . 7145 

.OOOOUUOO 

66.8590 

a 

60,1064 

4058,2855 

, goGQuuoQ 

79,4527 

9 

73 , 7873 

1941 , 7145 

,00000000 

9U .0463 

10 

82,4681 

4068,2855 

.OOOOUUOO 

10U ,64U0 

11 

91  , 14V0 

1941 ■ 7145 

.OOOOUUOO 

111 .2337 

12 

99.8298 

4  0*, 8 , 2855 

,  U  0  0  0  0  0  o  O 

121.82/4 

13 

106.5107 

1941 , 7145 

.oououooo 

132,4211 

14 

11  7 .191s’ 

4058.2855 

.OOOOUUOO 

143.0148 

15 

125.8724 

19*1.7145 

.OOOOUUOO 

153 .6064 

16 

134,5532 

4058.2855 

.  U  0  U  0  U  U  0  0 

164.2021 

17 

143.2341 

1941 . 7145 

.uonouuoo 

174.7938 

18 

151.9149 

4058.2855 

,  uuooouoo 

183.3895 

19 

160,5957 

19*1 . 7146 

.uooouooo 

193.9831 

20 

169,2766 

4053,2855 

.uooouuoo 

206,5768 

21 

17/, 95/4 

1941  ,  7145 

.UlllOUUoO 

21/  .17U5 

22 

166.6383 

4058-2855 

.UOOOUUOO 

22/. 7642 

23 

190 . J191 

1941 , 7145 

.uonouuoo 

236.35/9 

24 

203,9999 

4058.2855 

,  0  u  II  o  U  0  o  o 

246,9516 

25 

212,6808 

1941 . 7l«5 

.UOOOUUOO 

259,5432 

26 

221.3616 

4058.2855 

.OOOOUUOO 

270 .1389 

27 

230.0425 

1941 , 7145 

.uuuouuoo 

28 U  .7  326 

28 

238.7233 

4058,2855 

.UOOOUUOO 

291,3262 

29 

24/,  4042 

1941 . 7145 

.OOOOUUOO 

301.9199 

30 

256,0850 

4058 , 2855 

.UUUOUUOO 

312,5136 

31 

264,7658 

1941 , 7145 

, ounouuoo 

323,10/3 

32 

273,4467 

4058,2854 

.UUUOUUOO 

333.7UU9 

33 

282,1275 

1941 , 7145 

.ounouuoo 

344,2946 

34 

290,8083 

4058,2855 

.UUUOUUOO 

354,8863 

35 

299,4892 

1941 , 7145 

.UUUOUUOO 

363.4819 

UST  OP  bottom  HITS 
NO  BOTTOM  -UTS 

LIST  OP  SUBFACt  wITS 
NO  SURFACE  HITS 

Qp PTH  H>3000 , 0000  EPSILON*  ,1000  DELTA*  250  min  delta*  4  b I N  TEST*  ,9*0 


Table  5.4.2.  I 
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TRAO  ANALYSIS 

PPUNRaM- 

R  D  mIM'tNhah 

-  IA-201-U1) 

WUHHfcR*  2 

l  f '  1  T  1  A  L 

Ai  lii.fe  =  -15,000 

DEGREES 

BILINEAR 

\/r  t  \j  n  i%  i  rii 

‘"lTj  0.6333  NO/MU* 

TOTAL 

UAL  3 IAO 

NIIMHPW 

PA  HUE  MIT 

ijf-PfH  M 

SlNe 

SECOND* 

i 

4.j«04 

i’Ai i 7i46 

,  OuuuwUOO 

3.2906 

2 

13 .0213 

4084 , 2855 

.UOllOUOOO 

19. 8905 

3 

21 . 7021 

1941 .  7145 

.  UOUOUU00 

26,4042 

4 

30 . JflaO 

4084,2855 

.  oiuoouoo 

37,07/9 

5 

39 .0*39 

1941 , 7145 

.  UOQ0U0O0 

47.6716 

6 

4  7  .  7447 

4084. 2854 

.UOOOUUOO 

56,2653 

7 

5o .4?6A 

1941 .7146 

.  uooruuco 

66 . 8590 

8 

65 , 1064 

4054, 2854 

,  UIOQUU00 

79 . 4526 

9 

73.7673 

1941,7145 

.  0  0  0  0  U  U  o  0 

vu . 0403 

10 

62.4681 

4054 , 2855 

.OIUOOUOO 

10U.64U0 

11 

91.1490 

1941 . 7145 

.  0 1  (1  0  U  U  0  0 

111,2337 

12 

99 , a?9H 

4056.2855 

.  OO00UU00 

121.82/4 

13 

100.51 07 

1941 . 7145 

.  UOOOUUOO 

132.4211 

14 

117.1916 

4054,2855 

.  UOUOOU00 

143.0140 

15 

125 ,6724 

1941 , 7144 

. UOOOUUOO 

153,6054 

16 

134 , 8532 

4054. 2855 

. UUUOUUOO 

164.2021 

17 

143 . 2341 

1941 .7144 

.UOOOUUOO 

I7i , 7950 

3  8 

151 .91*9 

4054.2855 

. 0UU0UU00 

1B6. 3095 

19 

160,5957 

1941 . 7145 

, oocnuuoo 

195.9032 

20 

169 ,2766 

4054, 2855 

.UOOOUUOO 

206 . 5760 

21 

17/ , 9674 

1V«1 , 7145 

,  U  U  (.  0  u  u  0  0 

217. 17U5 

22 

180 .6382 

4058 . 2855 

,  UOOOUUOO 

227 , 7642 

23 

195.3191 

1941 , 7145 

.UOOOUUOO 

236.35/9 

24 

203.9999 

4058,2855 

.UUUOUUOO 

.UUUOUUOO 

246,9516 

25 

212.6807 

1941, 7145 

259,5452 

26 

221.3616 

4058. 2855 

.UUUOUUOO 

270 . 1389 

27 

230 .0424 

1941,7145 

, ouoouuqo 

280,7326 

26 

238.7232 

4058.2855 

.OUIIOUUOO 

291.3263 

29 

247.4041 

1941 , 7145 

.UUUOUUOO 

301,9199 

30 

256 .0849 

4056,2655 

.UUUOUUOO 

312.5136 

31 

264 . 7657 

1941 , 7145 

, OUOOUU00 

323.10/3 

32 

273 . 4466 

4058,2855 

, UOOOUUOO 

333, 70U9 

33 

282.1274 

1941,7145 

.UUUOUUOO 

344.2946 

34 

290 .6062 

4058,2855 

, uuoouooo 

354,6083 

35 

299 ,4890 

1941,7145 

, OOOOUUOO 

369.4019 

LIST  or  ROT  TO*  HJ1R 
NO  RO I  TOM  HITS 

LIST  OF  SURFACE  HITS 
NO  SURFACE  HI TS 

URPTH  M=3000  ,  900  0  EPSILON*  .10  0  0  DELU*  5  0  0  rl  I N  DELIA*  4  s  J  ,4  TEST*  ,Q20 


Table  5.4.  2.2 
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RAV  TRACE  ANALYSIS  PROGRAM. 

R 

D  MININUHAM 

-  (A-2U1-U11 

n*T  mun«fen« 

P  INITIAL 

angle*  -15,000 

DEGREES 

BIL1NKAK 

LIST  OF  TURN  INN  POINTS  0.7833 

••c/*il4 

TOTAL  TIKE 

3155 

number 

PANUF-  NM 

UpPTH  M 

SINE 

SECONDS 

1 

4.3404 

1941,7144 

. OLOOUUOO 

2.2969 

2 

13.0213 

4058.2855 

.QOOOUOOO 

12.8905 

3 

21.7022 

1941,7145 

.00000000 

20,4842 

4 

30,3830 

4058,2855 

,00000000 

37,07/9 

5 

39,0639 

1941.7145 

,00000000 

47,6716 

6 

4/. 7447 

4058.2855 

, OOOOUOOO 

50,2653 

7 

56.4256 

1941,7144 

.UOOOOQOO 

60,8590 

8 

66,1064 

4058,2855 

.OOOOUOOO 

7 V , 4527 

9 

73,78/3 

1941.7145 

,00000000 

90,0464 

10 

82,4681 

4058,2855 

.oooouuoo 

100,6400 

11 

91.1490 

1941,7145 

.OOOOUOOO 

111.2337 

12 

99,8298 

4058,2855 

,00000000 

121.8274 

13 

108,5107 

1941,7145 

,00000000 

132,4211 

14 

11/. 1915 

4058,2855 

,  OOOOUOOO 

143,0148 

15 

125,8724 

1941,7145 

.OOOOUOOO 

153,6065 

16 

134.5532 

4056,2655 

.OOOOUOOO 

164,2021 

17 

143,2341 

1941,7145 

.OOOOUOOO 

174,7928 

IS 

151,9149 

4058. 285S 

, OOOOUOOO 

182,3895 

19 

160.5957 

1941,7145 

.OOOOUOOO 

192,9832 

20 

169.2765 

4058. 2B55 

. UOOOUUOO 

206.5768 

21 

l7/,9f  74 

1941,7145 

,00000000 

217.1705 

22 

166.6382 

4058,2855 

,00000000 

227,7642 

23 

195.3190 

1941,7145 

.OOOOUOOO 

23B.J579 

24 

203,9996 

4058,2856 

,00000000 

240.9516 

25 

212.6807 

1941,7144 

.00000000 

259.5422 

26 

221,3615 

4058,2855 

,00000000 

270.1389 

27 

230,0423 

1941,7145 

,00000000 

28U.7326 

28 

238,7232 

4058.2856 

,00000000 

291,3262 

29 

24/. 4040 

1941,7145 

.OUUOOOOO 

30 i ,9199 

30 

256,0848 

4058,2855 

,00000000 

312.5136 

31 

264,7656 

1941,7145 

.OOOOUPOO 

323,10/2 

32 

273,4465 

4058,2855 

,00000000 

333,7009 

33 

282,1273 

1941,7145 

,00000000 

344,2946 

34 

290,8081 

4058,2855 

,00000000 

354,8602 

35 

299,4889 

1941,7145 

.OOOOUOOO 

362,4819 

Li«T  OF  BOTTOM  HJ 

TS 

NO  BOTTOM  HITS 

LIST  OF  SURFACE  hits 
NO  SURFACE  HITS 


OFPTH  M«300Q,0000 


EPSILON*  ,10  00  deitauooo 


MIN  DELTA* 


SIN  TEST*  ,020 


Table  5.4.2,  3 
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»av  TRACE  analysis  f> w u c; r a m • 
HAY  IHIMHER*  4  INITIAL 


H  o  Mlhl'iCHAM  -  tA-2tl*Uli 
ANGlfc*  -IS, QUO  DEGREES 


SILIHKA* 


LIST  Of  TURNING 

NUMhF.R 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 
U 
12 

13 

14 

15 

16 
17 
16 

19 

20 
21 
22 

23 

24 

25 

26 
27 
26 

29 

30 

31 

32 

33 

34 

35 


points  0.  9666 


p  A  N  u  I-  N  M 
4,5404 
15,0213 
21,7022 
JO ,5830 
39 .0639 
4/  .74<*7 
66,4256 
65,1064 
73,7873 
82,4681 
91,1489 
99.8298 
10  6 . 5lQ 8 
11 7,1915 
125,8723 
134,5531 
143,2340 
151,9148 
160,5956 
169.2764 
17 ) ,9872 
186  ,6381 
195.3189 
203.9997 
212.6805 
221,3613 
230,0421 
238,7230 
24/, 4038 
256.0846 
264,7654 
273,4462 
282,1270 
290 . 8078 
299,4865 


aec/a&l* 

.ifpl'n  K 

194t  ,7144 

4068 . 2855 

1941 .7145 

4068.2855 

1941 . 7145 

4068 . 2855 

1941 . 7145 
4068  i  2854 

1941 ,7145 

4068.2655 

1941 ,7145 

4058.2655 

1941.7145 

4058.2655 

1941.7145 

4068.2655 
l«4l  ,7145 

4068,2855 
1?41 ,7145 

4068.2855 

1941.7145 

4068.2655 

1941.7145 

4058 . 2855 

1941.7146 

4068.2655 

1941.7145 
4058.2654 

1941.7145 

4058.2854 

1941.7146 

4058 . 2855 

1941,7145 
4058.2854 

1941,7145 


TOTAL  TIM, 

6  I  Nfe 

.OOOOUUOO 

,  uououuoo 

.UOOOUUOO 

.ouuoooqo 
.ouuouuqo 
, UOOOUUOO 

.OOOOUOOO 
.OOUOUOQO 
.OOUQUOoO 
.uinouuoo 
.oboouuoo 
.0OU0UU00 
,  OOOOUUOO 
,000011096 
.OOOOOOoO 
.uoonuooo 
,00000000 

.OOOOUUQO 
.UOOOUUOO 
.OOOOUUOO 
.UOOOUUOO 

,oounouo° 

,  OUUOUUOO 
.OOOOUUOO 
.OOOOUUOO 
.UUOOUQqO 
,00000000 
,00000000 

, OOOOUUOO 

, ouonuooo 
, OOOOUOOO 
, OOOOUUOO 
.OCDOUUOO 
.OOOOUUOO 
.OOOOUOOO 


4150 

SECONDS 

5.2969 

15,8906 
26.4843 
3/  .07/9 
4/. 6716 
56.2653 
66,6690 
79.4527 
9U .0464 
10U  .6401 
111.2337 
121.82/4 
132.4211 
143,0148 
193.6064 
164,2021 
174.7958 
185.3695 
195.9831 
206,5768 
21M7U5 
22/.  7642 
236,35/8 
246,9515 
259,5452 
27  U , 1369 
2BU.7325 
291.3262 
301.9198 
312.5135 
323,10/1 
333 , 7QU8 
34*,2945 
354,8861 
365.4818 


LIST  Of  80TT0H  HITS 
NO  BOTTOM  HITS 

list  or  surface  hits 

NO  SURFACE  HITS 

OfPTH  M«3000,0000  EPSILON*  ,1000  nELTA*2000  MIN  DELTA*  4  SIN  TEST  ■  ,020 


Table  5. 4.  2. 4 
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H*f  TH/kCf-  ANAL.Tf.tS  PHOf:n*n»  M  l) 
mV  NUHMfcM  5  1 1  j  1  T  l  *  L  AtGl.fc'  - 5 . 0  0  fl 


DfcCiHflt-i- 


BILINEAR 


t  Kl  or  TUUNt  Tu 

POtljTs  0.3000 

TOTAL 

TU&.  1<30 

NUHHFH 

n-piw  m 

MNt 

S6LOND5 

1 

* . 33V4 

lv.it  .  7145 

. U0U0VU00 

3 . 2934 

2 

13,020? 

4854 , 2655 

.  U  l  (1  n  V  u  0  0 

13 , 68 VI 

3 

21 .7011 

19*1  ,  7145 

,  U  l  (Ml  U  U  o  0 

2b , 4826 

4 

30  ,  JMIO 

405« • 2655 

.  U  (■  (1  (i  U  0  0  o 

37 .0765 

5 

3  V  ,  o  A 1 M 

1961# 7144 

,  U 0  (lit O U 0 0 

4/ ,666V 

6 

4/ , 7427 

4054 . 2865 

.  0  0 1)  0  0  0  0  0 

58,2626 

; 

58 .4234 

1 9 #, l  ,7144 

.UCUOUUoO 

68.8561 

8 

65.1043 

4058 . 2655 

. UbUOuUOO 

79  .  44  VB 

9 

73,  7 f»43 

1 V  4 1 . 7145 

.UlUOUUQO 

99.0424 

10 

82 , 4f>5l 

4068.2855 

.uiuouuqO 

109 ,6360 

11 

V  1  .  1 4  5  7 

19*1 , 7145 

. 0000 JUflO 

111  .2293 

12 

9  V .8265 

406" . 2855 

, oiuouuoo 

121 ,6230 

1J 

103.5064 

1941 .7145 

,  U  0  II  0  J  U  0  o 

134.4134 

14 

117,18/3 

4054.2856 

.gtnuuuoO 

143,0091 

15 

1  ? 5 , 8M1 

1 V 4  I  . 7145 

.uonoouDO 

153.6027 

16 

134.5489 

4084,2855 

.  UOOO J  U  0  0 

164 ,1V64 

17 

143.2589 

1941 , 7145 

.OIDOUUOO 

174 . /e«9 

18 

151,9098 

4058 , 2855 

.UOOOJUoO 

183.3626 

IV 

160 ,5603 

1881 . 7145 

.OOOOUUOO 

193 .973B 

20 

169,2711 

4084 . 2865 

,  OLOOUUOO 

208 .5695 

21 

17 7.9511 

1941 . 7145 

,  UO  0  0  0  (J  o  o 

21/ .1620 

22 

186,6319 

4064 , 2855 

,00009000 

22/ .7557 

23 

195,3127 

1941 , 7145 

.U000U000 

238.3492 

24 

203,9935 

4064 . 2855 

.UtOOUUOO 

248 .9429 

25 

212,6735 

1941  .  7145 

,00009000 

259.5334 

26 

221.3544 

4054.2855 

.  1)0  00  9000 

279 .1291 

27 

230 ,0349 

1941 .7145 

.OOOOUUOO 

289.7223 

23 

230,7157 

4054,2855 

,00009000 

291,3160 

29 

24  7 ,3956 

1941,7144 

,00009000 

301.9065 

30 

256,0795 

4G  64 , 2355 

.  UOUOUOOO 

312.5021 

31 

264 . 7573 

1V41 ,7145 

.  OOUOUUOO 

323.0937 

32 

273,4301 

4064,2855 

.OOUOUUOO 

333.6694 

33 

282,1181 

.1 V 4 1  #  7144 

,  U  0  0  0  9  U  o  0 

344.2619 

34 

290,7989 

4064,2855 

.OOUOUUOO 

354,6736 

35 

29V.47V5 

1941 , 7146 

.00009000 

363.4668 

list  OF  HQTTOH 

HITS 

NO  HO  1  TOM  HITS 

LUST  OF  SURFACE  WITS 

NO  SURFACE 

8  1  TS 

UgWTH  M *  3  0  0  0  ,  0  C  C  0 

EHSUON*  .1100 

DEL1  A«1O0O 

MIN  DELTA*  25 

8  1  it  TEST*  ,02 

Table  5.4.2,  5 
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RAY  TRACE  ANALYSIS  PHOI.HAI'-  R  0  !  I,  I  Hh  AM  -  (A-201-U1) 

HAY  MurtHER*  A  1  Ij  !  T  i  A  L  A»Gtt=  - 1  b  .  0  0  n  nruKFfcS 

BILINEAR 

List  or  TUHNHu  ‘HUNTS  0.3166  Mc/kil#  TOTAL  TIH  1»35 


If  o 

U  A  !■!  U  L  \,l-» 

.  1  f-  L>  T  0  M 

SINfc 

SfcnONDS 

1 

4 , 3  3  R  7 

19.(1  ,7144 

. uoonouoo 

9.2946 

2 

13.019a 

4008,2855 

,  0  l'  0  (1 0  u  0  0 

19.8883 

3 

21,7004 

1941, 7145 

,  0 1 0  ft  u  u  0  0 

26.4620 

4 

3  J  .  3«13 

4008, 2855 

.  0  0  0  0  0  O  0  0 

37,0797 

6 

39 . 0 a21 

1941 . 7145 

.Ul-UOUUOO 

4/  . 6694 

6 

4/  .  M30 

4  C  5  8 , 2855 

.OUlDuUOO 

5b . 2630 

7 

5o  .  4?.16 

1941 . 7145 

.uoonouoo 

60.8567 

S 

65.1047 

4008. 2855 

.  0  U)  (1 0  0  0  0 

79,4504 

9 

73 . 7805 

1941 , 7145 

,  u  0  u  0  u  0  0  0 

VO  .  0441 

10 

82 . 44c3 

4008,2855 

.OtOOUUOO 

100.63/7 

11 

91 . 1471 

1941 . 7145 

.  0  U)  0  U  U  0  0 

111 . 2314 

12 

9V,6?H0 

4008,2655 

, UOUOOUQO 

121 . 8250 

13 

10O.50H4 

1941 , 7145 

.  0  0  li  0  U  U  0  0 

132.4181 

14 

117.189? 

4C08 .2655 

,  0  (i  0  0  0  0  0  0 

143.0118 

15 

125 ,8701 

1941 ,7145 

.OOOOUUQO 

153.6055 

16 

134,5409 

4058 . 2855 

. UO  OOuOgO 

164,1992 

17 

143.2318 

1941. 7145 

.ooonuuoo 

174 , 7926 

18 

151.9126 

4008 , 2855 

.ULODUUOD 

189.3665 

19 

160 .5936 

1V41 , 7145 

,  01  00  011  00 

199,9802 

20 

169.2743 

4058 .2855 

.uoonuuoo 

20b  .5739 

21 

177,9551 

1941, 7145 

,  01-000  000 

217,16/6 

22 

180.6360 

4008,2854 

, UO  00 JUOO 

227 . 7612 

23 

195.3168 

1941 , 7145 

.ULOOUUOO 

230.3549 

24 

203,9976 

4008. 2856 

.uoonuuoo 

240.9485 

25 

212.6784 

1941,7146 

.UOOOUUflO 

25V. 5422 

26 

2?1 . 3590 

4008.2855 

.01 UOUUOO 

270.1355 

2? 

230 ,0395 

1941 . 7145 

.UOOOUUOO 

26U  .  7288 

28 

218.7204 

4068,2655 

,00  OOUUOO 

2V1 .3225 

29 

24/  ,  401? 

1941 , 7146 

.  0  l  0  0  U  0  0  0 

301.9162 

30 

256 ,0821 

4008 , 2854 

.uooouuoo 

3U.50V9 

31 

264 .7629 

1941 , 7145 

.ULOOUUOO 

323.1035 

32 

274.4438 

4  C  08 , 2855 

.UOOOUUOO 

333.6V/2 

33 

282.1246 

1941 . 7145 

.UOOOUUOO 

344 ,2VU9 

34 

290 .8054 

4  r  00 , 2855 

, UO  UO  uuo  0 

354.8846 

35 

299 ,4863 

1941 . 7145 

.UOU0UU00 

365.4782 

LIST  Of  BOTTU-’I  HITS 
NO  ROTTQM  HITS 

list  Of  SURFACb  i-UTS 
NO  SURFACE  HITS 

UEFTH  11*3000  .  UCO  0  EPS  1  LON*  ,1000  dELTa*2000  MIN  DELTA*  25  SH  TEST*  ,020 
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u 


TRACE  ANALYSIS  PHUr.HAM. 
NUMBER*  /  INITIAL 

u  n  h  1 1, luNuiH 
ANGLE*  -15,000 

-  [  A*  2 J|  l  •  *_*  1  * 

degrees' 

BIL1HEAK 

or  TURN  HU 

points  0. 2333  ssc/sllc 

TOTAL 

***  *  . 
ixm*  x  IJX/ 

NUMBER 

RANUf;  Nfi 

Ur-PYH  M 

SINE 

seconds 

1 

i  0  A27 

2984 ,7695 

,  OOUOUUQO 

.0526 

2 

4.1785 

40^8 ,2856 

,  uooouuoo 

5 , 0894 

3 

12,8566 

1941,7145 

,  000  1)0000 

12,6822 

A 

21.53HH 

4058 , 2855 

,00000000 

26.2752 

5 

30.219? 

1941,7145 

.UU0OUU00 

36,8664 

6 

38  .8998 

4058,2855 

,00000000 

4/, 4617 

7 

A  /  ,  5fl  0  4 

1941,7145 

,  QOO00U00 

50,0562 

8 

56.261? 

4058,2855 

,00000000 

60.6468 

9 

6*  ,  9A20 

1941,7146 

.OOQCUUOO 

79.2424 

10 

73,6229 

4058,2855 

,00000000 

09.8361 

11 

82 . J029 

1941,7145 

,00000000 

100.4269 

12 

90 .9832 

4068.2855 

,00000000 

111.0219 

13 

99,6636 

1941,7145 

.  0  0  0  0  0  O  o  0 

121.6151 

1 A 

108,3441 

4058,2854 

,  ooonuuoo 

132,2064 

15 

117.0248 

1941,7145 

.OOQOUOQO 

142.8019 

16 

125.7055 

4068,2855 

,  OOOOUUOO 

153,3954 

17 

13*  .3863 

1941,7145 

.  OOQOUUOO 

163.9891 

18 

143 . 067? 

4068,2855 

,00000000 

174.5827 

19 

151,7052 

1941,7145 

.00000U00 

185,1235 

20 

160,3857 

4058,2855 

.OOOOUUOO 

195,7168 

21 

169,0663 

1941,7145 

.OOOOUUOO 

206.3102 

22 

177.7470 

4058,2655 

.OOOOUUOO 

216.9038 

23 

186.4278 

1941,7145 

.OOOOUUOO 

227,4974 

2A 

195.1066 

4058,2855 

.OOOOUUOO 

230.0911 

25 

203.7895 

1941.7146 

,  UOUOOUOO 

240.6847 

26 

212,4697 

4058,2855 

.  OOOOUUOO 

25V, 27/7 

.  27 

221.1501 

1941,7145 

,  UOUOOUOO 

26V.87U8 

28 

229.8306 

4058,2855 

.OOOOUUOO 

280,4641 

29 

236.5112 

1941,7145 

.OOOOUUOO 

291,0575 

30 

247.1919 

4058.2854 

.OOOOUUOO 

301.6511 

31 

255,8727 

1941,7145 

,00000000 

312,2447 

32 

264,5535 

4058.2855 

,  OOuOUOOQ 

322,8364 

3  3 

273,2176 

1941.7145 

.OOOOUUOO 

333.4116 

34 

281.8965 

4058.2855 

,  oooouooo 

344,0052 

35 

290.5793 

1941,7144 

,  uooouuoo 

354,5969 

36 

2 99.2594 

4058,2855 

.OOOOUUOO 

365.1918 

OF  BOTTOM  HITS 
0  BOTTOM  HITS 

Or  SURFACE  HITS 
o  surface  hits 

1  M*3000 i 0000  EPSILON*  ,1000  OELTa*10Q0  MIN  DELTAbIOO  5{N  TEST*  ,020 
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»AV  THAC6  ANALYSIS 

HKUOfUh. 

R  D  8  1  li  t  nGham 

-  IA-21'l-Ul) 

Hay  number* 

H 

INITIAL 

AAGl.t*  -15,0011 

DEGHFEi 

AiLin&itft 

l.lsr  OF  TURNIMU 

HOI  NTS  0.3000  Mo/ull* 

TOTAL  TIME 

1(30 

NUMfTER 

A  Nlj  I*  \|H 

depth  h 

S  1  Nt 

SfcLONDS 

1 

4,3403 

1941,7145 

,08000000 

6.2966 

2 

13,0211 

4058.2855 

,001100000 

15,8903 

3 

21 , 7019 

1941 ,7144 

,  UOOOUUQO 

26.4839 

4 

30 .3628 

4058.2855 

.ooooouqo 

3/, 07/6 

5 

39,0636 

1941 , 7146 

.  ooooouoo 

4/  ,  6713 

6 

47,7444 

4058.2855 

,00000000 

58,2649 

7 

56 , 4253 

1941 ,7145 

.QOOOUOQO 

66,6566 

0 

65 , 1061 

4058.2855 

,00000000 

79,4522 

9 

73.7869 

1941 , 7145 

,00000000 

90 . 0459 

10 

82 , 4677 

4058.2854 

.ooooouoo 

100.6395 

11 

91  ,  I486 

1941 . 7145 

,00000000 

111,2332 

12 

99 ,8294 

4058,2655 

.OOOOOUOO 

121,8269 

13 

106,5102 

1941  ,  7145 

,  UU0OUU00 

134,4205 

14 

Hz', 1911 

4058,2855 

,00000000 

143,0142 

15 

125,8719 

1941,7145 

,  OOOOOUOO 

153.6076 

16 

134,5527 

4058,2855 

,  O0UOUU00 

164.2015 

17 

143,2335 

1941,7145 

,00000000 

174.7951 

18 

151,91 44 

4058,2855 

.ooooouoo 

165,3668 

19 

160.5952 

1941,7144 

.OOOOOUOO 

195,9624 

20 

169 ,2760 

4058,2855 

, OOOOOUOO 

206,5761 

21 

177,9566 

1941,7146 

, OOOOOUOO 
.OOOOOUOO 

217,1697 

22 

186,6376 

4058.2655 

227,7634 

23 

195,3185 

1941,7145 

.ooooouoo 

236.3570 

24 

203,9993 

4058.2655 

.OOOOOUOO 

246,9507 

25 

212,6801 

1941,7145 

, U0QOUOO0 

259.5444 

26 

221.3609 

4058,2655 

,00000000 

270,1360 

27 

230.0417 

1941,7145 

, OOOOOUOO 

280,7316 

28 

238,7226 

4058,2655 

,00000030 

291.3253 

29 

247,4034 

1941,7145 

.OOOOOUOO 

301,9169 

30 

256,0842 

4058.2855 

, COOOUUOO 

312,5126 

31 

264,7650 

1941 , 7145 

,00000000 

323,1062 

32 

273,4458 

4058,2354 

.OOOOOUOO 

333,6999 

33 

282,1267 

1941 , 7145 

.OOOOOUOO 

344.2935 

34 

290,8075 

4058,2855 

, UOUOUOOO 

354,88/2 

35 

299,4883 

1941,7145 

, oonouuoo 

365,4608 

list  or  0OTTCH  HITS 
NO  FIOTTOM  HITS 

LIST  OF  SURF ACfc  HITS 
NO  SURFACE  HITS 

DEPTH  M  *  3  0  0  0  i  000  0  EPS!LON«l , 0000  DECT*.  5Q0  m]N  DELTA*  20  SIN  TEST* 
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! 

-  ■{ 
i  ■  i 

i  ■  < 

1  i 

1  r 

i  * 

,  !  WAV  TRACE  AN  At  y  S  1  S  PWiJURaM.  «  C 

M| MI^OhAH 

-  IA-2H-01) 

i  WAY  NUMBER* 

9  initial  angle*  -;5.uO') 

DEGREES 

i 

BILINEAR 

,  :  l.  1ST  or  TU^NJ  4<i 

putNfi  0.2500 

Mc/all* 

TOTAL 

Tm 

1j15 

;  number 

ft  A  N  u  E  MK 

1 1|-  P  T  H  M 

SINE 

SfctONDS 

l 

A.  3401 

1941. 7145 

, UlQOUUQO 

9, 29o3 

2 

1 3  ,  0  ?  0  9 

4088, 2855 

. ot  ooouoo 

19,8900 

;  3 

21,7017 

1 94 1 , 7144 

, UOOOOU0Q 

26.4637 

i  4 

30 . 3826 

4088.2855 

, U000UO00 

37.07/4 

i  5 

3V. 0638 

1941 . 7145 

,  0 1  0  0  U  u  0  0 

47.6711 

*  6 

47  .  7443 

4088 . 2856 

.uoooon 00 

50.2647 

1 

86 . 4?5? 

1941,7144 

, UtOOUUOO 

6» , 6584 

f  8 

65,1060 

4058.2855 

.  IK'  0  0  0  U  0  0 

79,4521 

9 

73 , 7Ro9 

1941, 7144 

.UlUOUUOO 

90 , 0498 

(  10 

82 . 46  77 

4058.2855 

, UOOOUOoO 

100.6395 

,  11 

91 , I486 

1941 . 7145 

,01000000 

111.2332 

12 

9 V , B?94 

4088,2855 

, OtOOOUQO 

121.8268 

I3 

100.5103 

1941 , 7145 

.UOOOUOOO 

132.4205 

14 

117,1911 

4058, 2b55 

, OOOOOUOO 

143.0142 

S  15 

125,8720 

1941 , 7145 

, UOOOUOOO 

153,6079 

16 

134,5829 

4058.2855 

,  0  0  0  0  0  U  0  0 

164.2015 

17 

143 . 2336 

1941 , 7145 

,oo ooouoo 

174, 7992 

18 

151,91 45 

4058,2855 

•OOOOOUOO 

189.3869 

19 

16U .5953 

1941,7145 

.OOOOUUOO 

199,9826 

20 

169,2762 

4088,2855 

, OtUOOUOO 

206.5763 

i  21 

177,9570 

1941,7145 

, OOOOUUOO 

217. 1699 

22 

186.63/9 

4058,2855 

. OOOOUUOO 

22/, 7636 

23 

195.3187 

1941.7145 

. OOOOOUOO 

236.3573 

24 

203,9996 

4058,2855 

, OUODUUOO 

246,9510 

‘  25 

212,6804 

1941 , 7145 

. UOU0OO0O 

259,5447 

26 

221.3613 

4058,2854 

.OOOOUUOO 

270.1363 

27 

230 .0421 

1941 . 7145 

, UOOOUOoO 

280.7320 

28 

23o  .7230 

4058 . 2854 

, OOOOUUOO 

291.3257 

29 

247,4038 

1941 , 7145 

, UOOOOU0O 

301,9194 

30 

256 .0846 

4058 . 2855 

, uounuuoo 

312.5130 

31 

264,7655 

1941 , 7145 

.OOOOUUOO 

323.1067 

32 

273 , 4463 

4058,2854 

, UUUOUUOO 

333, 7004 

33 

282 . 1272 

1941,7145 

,  ULUOUUOO 

344,2940 

34 

290,8080 

4058.2855 

.Ol'OOOOOO 

354,88/7 

35 

\ 

299 , 4889 

1941,7145 

,  OOOOUUOO 

369,4014 

list  or  bottoi 

HITS 

NO  BOTTOM  HITS 

list  or  SURFACE 

HITS 

no  SURFACE  HITS 

OFPTH  M»3Q00  1  0  0  0  0 

F.PS!LON»l,UOQO 

□  El. T  A1 1 0 0 0 

MIN  DELTA*  20 

3  IN 

TEST*  ,020 

1 
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5 1 

,1 

K4V  TWACb  ANALYSIS  PRUMlA''-  H  0  M  1 1  t  'SHAM  -  (A-iH-iJlJ 

AJ  .  V  Mtl-ikir  U  «  4  fl  t  I  •  T  t  A  I  It  Rl  L  •  _  1  k  nilrt  hUl*UCk^ 

■ . ‘  *  . .  ■*" . .  BILINEAR 


or  turn i mu 

point*  0.2166 

atc/«ll* 

TOTAL  TUi, 

1«05 

NUMBER 

ran  >1-  Mi' 

Pt-P  I  N  14 

5  1  Nc 

SECONDS 

1 

4  ,  3.1  96 

1941  ,  7145 

,  01  0  0  U  U  o  0 

5 . 2980 

2 

13  ,  0? J* 

4058 , 2855 

.  U  0  1)  0  0  U  o  o 

13 , 8897 

3 

21  .7014 

1941.7145 

, UU0UUU00 

26 . 4832 

4 

30 ,3*22 

4  0  5 8 . 2865 

.  Ul O0OU00 

37 .0769 

5 

3  9  ,  0  6  3  0 

1941,7145 

,  0  0  0  0  0  I)  o  0 

47 ,6705 

6 

47.7438 

4068, 2865 

.U10QUU00 

58,2641 

7 

R  0 , 4  P  4  ^ 

1941  ,  7146 

.OLDOOUflO 

68 . 85  78 

H 

65,1054 

4068 . 2864 

.uionuuoo 

79.4514 

9 

73  ,  7H63 

1941,7145 

,  01  oouuoo 

90 ,0451 

10 

82,4671 

4 C 13 B  .  2865 

.ooonuooo 

100.6387 

11 

91,1478 

1941 .7145 

.uoonouoo 

111,2323 

12 

99,8287 

4068 . 2865 

.UOUOUOOO 

121.8260 

13 

108.5094 

1941  .7145 

,  ii  o  ii  n  u  u  o  o 

134.4195 

14 

117,1903 

4  0  6  8, 2865 

,  ooonuooo 

143,0132 

IS 

125 ,8711 

1941 , 7145 

.uooouuoo 

159.6068 

16 

134,5518 

4058 . 2855 

, UOUOUU00 

166.2004 

17 

143.2327 

1941 . 7146 

,ut 000000 

1  7  “  .  79  4 1 

18 

151  .9134 

4066 .2855 

, OlOOOUoO 

183.3877 

19 

160  ,5941 

1941 . 7145 

.ULUODUpO 

193.96X4 

20 

169.2751 

4068 . 2855 

.OLOnJuoO 

206.5750 

21 

177.9558 

1941.7146 

.UODOOUOO 

217 .1685 

22 

180,6367 

4068 , 2855 

. OLOOOUOO 

227.7622 

23 

195.31 74 

1941 . 7145 

.OLOOOUOO 

238.3558 

24 

203 .9983 

4068 ,2855 

,  0 1 U  0  0  0  o  0 

248.9495 

25 

212.6791 

1941 ,7145 

,  OOIIOOUOO 

259.5431 

26 

221,3598 

4068,2855 

.  0  l  0  0  0  l)  0  o 

270.1367 

27 

230,0407 

1941  ,  7145 

. OLOOOUOO 

280 ,7304 

28 

23«J .  7214 

406«  .  2854 

.OLOOOUOO 

.OLOOOUOO 

291.3239 

29 

247,4023 

1941  ,  7145 

301.91/6 

30 

256 , QB31 

4068.2855 

.OLOOOUOO 

312 .5112 

31 

264,7638 

1941 . 7146 

.ULOOUUOO 

323.1048 

32 

273,4447 

4068,2655 

.OLOOOUOO 

333,6985 

33 

282 .1254 

1941,7145 

.OLOOOUOO 

344,2920 

34 

290 ,8063 

4066 . 2854 

.OLOOOUOO 

354 ,6897 

35 

299,4871 

1941,7145 

.QLOOUU0O 

363,4793 

LIST  or  HOTTO  1  HITS 
NO  BOTTOM  HITS 

list  or  SURFACE  ‘"ITS 
NO  SURFACE  HITS 

TEPTW  6*3000,0000  6PSIlON«1,UL00  DELtAcZ000  HIM  delta*  20  SIN  TEST*  .0*0 
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1 

i 

1  1 

n  «  *  |n*lin 

ajcj  r  r  v  i  %  n  a  •  •  •  n  u 

n  [  it  |  14 UM *n 

•  i  -vi l  j 

'  j  WAY  NUMBER* 

ii  initial  aigle*  -15,000 

DEGREES 

,  ! 

BILINEAR 

* 

j  |„  !  i  Vi  f  i  U  r*  W  |  'V  ij 

i 

POirjTS  0.2000 

■•c/wile 

TOTAL 

TIME 

liOC 

NUMBER 

RANUE  MM 

ULP  T  H  H 

S  1  Nfc 

SECONDS 

i  1 

.  0427 

2984,7695 

.oooouooo 

.  0526 

2 

4. 1785 

4080 , 2856 

,00000000 

3.0894 

3 

12,8585 

1941.7145 

,01'OOUUOO 

13.6822 

A 

21 , 5367 

4080,2855 

.  QtQOUUOO 

26.2726 

i  5 

30,21/5 

1941 ,7145 

.  oooouooo 

36.6664 

6 

35,8960 

40801 2855 

,  OOOOUUQO 

47.45/5 

, 

1  7 

4/. 5768 

1941,7145 

,  0  l'  0  0  0  0  0  0 

50. 0511 

j 

8 

56,2554 

4080 , 2855 

,  OOOOOUOO 

66.6422 

i 

P  9 

64,9362 

1941 , 7145 

,00000000 

79,2339 

i  10 

73,6148 

4050,2885 

.00000000 

09.8269 

n 

82.2956 

1941 , 7145 

, OOOOOUOO 

100 , 4206 

12 

90 .9741 

4050.2655 

,00000000 

111,0117 

13 

99 , 6549 

1941 , 7145 

, OOOOOUOO 

121.6033 

14 

106.3335 

4058,2655 

, OOOOOUOO 

132,1964 

j 

15 

11/. 0143 

1941 . 7145 

, OOOOOUOO 

142,7900 

! 

>  16 

125,6929 

4050,2855 

,00000000 

153,3811 

1 

17 

134, 3737 

1941 , 7145 

.ouooouoo 

163,9747 

l' 

18 

143.0522 

4088,2655 

.OOOOOUOO 

174.5638 

! 

19 

151,7330 

1941,7145 

.OOOOOUOO 

183,1594 

i 

20 

160,4116 

4058,2855 

,00000000 

193,7505 

i 

21 

169,0924 

1941,7145 

,00000000 

206.3441 

! 

j. 

22 

17/. 7709 

4050,2855 

,00000000 

216,9332 

23 

186,4518 

1941,7145 

.OOOOOUOO 

227,5280 

24 

1V5.1J03 

4050,2855 

,00000000 

236,1199 

*  i 

25 

203.8111 

19«l  .  7145 

.OOOOUOOO 

246,7136 

)! 

26 

212,4897 

4058,2855 

, OOOOOUOO 

259,3046 

i  '■ 

!  27 

221,1705 

1941,7145 

.OOOOOOQO 

269.8983 

1 

r» 

28 

229,0490 

4058,2855 

, OOOOOUOO 

280,4893 

i: 

29 

238 , 5?98 

1941,7145 

.oooouooo 

291.0030 

y 

30 

24/. 2084 

4058.2854 

,00000000 

301.6741 

31 

255.8892 

1941 , 7145 

, OOOOUOOO 

312,2677 

32 

264,5677 

4058,2855 

.OOOOUOOO 

322,0588 

!. 

33 

273,2486 

1941,7145 

,00000000 

333,4524 

34 

281.9271 

4058.2855 

,00000000 

344,0435 

1  • 

35 

290.6079 

1941 , 7145 

•OOOOOUOO 

354.63/1 

;i 

36 

299, 2h65 

4050,2854 

.OOOOUOOO 

363,2282 

!  list  of  bottom 

HITS 

i . 
i 1 

no  BOTTOM  HITS 

LIST  OF  SURFACE 

HITS 

NO  SURFACE  HITS 

DEPTH  M*3000  <  0000 

EPS!LON«5,0000 

PEL  I A*1000 

MIN  DELTA»100 

SIN 

TEST.  ,020 

I 

i 

! 

i 

' 

Table 
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j 

• 
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i 

:  1 

j! 

1  1 

j 

i 

i 

1 

5.  S. 


Real  Velocity  Field 

In  1967  Hudson  Laboratories  conducted  an  experiment  during  which 
Sippicar.  X  BT  casto  were  taken  to  a  deptn  oi  750  meters  (T-7  probes)  at 
regular  range  intervals.  These  data,  together  with  several  deep  velocimeter 
casts,  were  used  to  construct  the  total  velocity  field  consisting  of  the  pro¬ 
files  shown  in  Figs.  39  through  58  and  the  tabulated  data  of  Tables  5,  5.  I,  1 
through  5.  5.  1.  20.  Additionally,  bottom  depth  entries  were  made  at  intervals 
of  one  mile  or  less  over  the  total  range  of  350  miles.  Type  II  intensity  cal¬ 
culations  (Chapter  IV)  were  made  on  the  basis  of  251  rays  that  were  traced 
in  the  velocity  field.  Ray  calculations  for  two  of  the  initial  angles  are  pre¬ 
sented  in  this  Chapter.  The  origin  of  the  rays  was  at  2331. 7  meters  depth. 

5.  5.  1.  The  14.  80*  Rav 

The  14.  80*  ray  propagated  in  either  an  RSR  mode  or  through  multiple 
surface  and  bottom  reflections  depending  on  the  bottom  contour.  The  ray 
was  terminated  at  about  250.  6  miles  as  a  result  of  striking  the  side  of  a 
steep  seamount.  The  results  of  the  calculations  for  eleven  sets  of  control 
parameters  are  shown  in  Tables  5.  5.  2.  1  through  5.  5.  2.  11.  The  most  ac¬ 
curate  values  are  those  of  Table  5.  5.  2.  1.  Summary  comments  of  these 
data  are: 

i.  The  drop  in  computer  running  time  for  an  increase  in  4^ 
from  25  to  100  meters  shows  that  the  control  parameters 
sensing  the  detail  in  the  velocity  profiles  were  reducing  the 
iteration  increment  to  less  than  100  meters  over  a  large 
fraction  of  the  ray  path,  even  when  the  maximum  iteration 
increment  was  limited  to  250  meters. 

ii.  The  increase  in  running  time  when  the  S-tcst  parameter  was 
raised  from  0.  020  to  0.  100  indicates  that  the  subsequent 

e  -  test  is  required  to  produce  greater  truncation  of  the  itera¬ 
tion  increment  when  it  is  not  pre-limited  by  the  S-test. 

iii.  Some  increase  in  the  computer  running  time  over  that  of  the 
previous  two  tests  is  due  to  the  requirement  that  the  tape 
readers  that  provide  the  velocity  profile  data  into  active 
memory  must  take  extra  time  to  read-in  the  consecutive 
velocity  profiles  as  their  ranges  are  crossed  by  the  advancing 
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ray.  This  implies  that  the  time  required  pci  iay  mile  will 
increase  with  the  number  of  vertical  profile  entries  used  to 
define  the  sound  velocity  field. 

iv.  The  reasonable  agreement  between  tests  for  which  the  S- 
test  control  was  0.020  and  those  for  which  it  was  0.  100 
indicate  that  the  iteration  increments  are  not  being  limited 
by  the  accuracy  of  the  iteration  expansion  as  much  as  they 
are  by  the  e -test,  insofar  as  these  effects  are  separable. 

That  is,  the  truncation  of  A  is  primarily  due  to  the  limiting 
of  A  as  the  ray  attempts  to  follow  the  detailed  structure  of 
the  velocity  field. 

v.  The  data  of  Table  5.  5.  2.  10,  for  which  e  was  increased 
from  0.  40  to  1.00,  is  in  rough  agreement  with  the  more  ac¬ 
curate  data  of  Table  5.  5.  2.  1  at  the  final  range  of  the  bottom 
hit  at  250.  6  miles.  However,  the  fluctuations  of  the  preceding 
turning  point  ranges,  or  the  ranges  of  the  preceding  surface 
and  bottom  hits,  with  respect  to  Table  5.  5.  2.  1,  are  noticeably 
greater  than  are  the  comparable  data  of  Table  5.  5.  2.  3,  for 
which  c  was  0.  40.  This  indicates  a  general  tendency  for 
the  errors  in  the  ray  positions  to  tend  to  cancel  as  the  rays 
pass  through  velocity  profiles  with  sharply  changing  curva¬ 
tures,  viz  Chapter  III  -  3.4.  In  this  sense  the  use  of  a  large 

c  can  be  considered  as  a  rough  averaging  procedure  for  a 
profile'  s  detailed  structure;  the  semi-invariant  test  assists 
and  controls  this  process  by  correcting  the  ray  angle  at  each 
iteration  to  be  in  agreement  with  the  given  velocity  field.  At 
turning  points  of  the  ray,  however,  the  semi-invariant  test 
becomes  less  effective.  Formally  precise  results  in  these 
regions  require  that  e  be  made  small,  as  will  be  apparent 
in  the  discussion  of  the  12.  80*  ray. 

5.  5.  2.  The  12.  80*  Ray 

The  12.  80*  ray  did  not  make  surface  or  bottom  hits  in  its  transit,  but 
did  cycle  across  the  full  depth  of  the  ocean  with  an  upper  turning  point  ap¬ 
proximately  60  meters  below  the  sea  surface.  The  path  of  this  ray,  there¬ 
fore,  was  especially  sensitive  to  the  fluctuations  in  the  upper  water  structure. 
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The  comments  given  for  the  14.  80*  ray  will  also  apply  to  the  12.  80*  ray, 
except  that  the  variations  of  the  turning  point  ranges  as  a  function  oi  the 
control  parameters  are  greater  for  the  12.80*  ray. 

The  comments  given  at  the  end  of  Chapter  III  emphasize  that  if  the 
vertical  profiles  of  the  velocity  field  are  complex,  in  the  sense  that  the 
gradients  and  curvatures  change  rapidly  as  a  function  of  depth,  there  will 
be  significant  wavefront  distortion  and  this  will  appear  as  an  aberration  of 
the  plot  of  the  ray  depth  distribution  at  a  given  range.  More  precisely,  the 
range  period  of  the  cycling  ray  will  depend  upon  the  specific  structure  of 
the  velocity  field  over  the  path  of  the  ray  and  this  will  lead  to  fluctuations 
of  the  magnification  factor  that  is  defined  for  rays  with  nearly  infinitesimal 
increments  in  their  initial  angles.  In  long-range  propagation  one  must 
expect  not  only  the  major  caustics  and  foci  that  arc  obtained  from  smoothed 
data  inputs  that  represent  long-term  averages  of  the  velocity  field  but  at 
any  one  time  there  will  be  many  secondary  caustics  that  can  be  regarded  as 
being  due  to  the  wavefront  aberration.  These  effects  increase  with  range 
and  they  are  one  reason  why  the  present  program  computes  intensity  as  a 
weighted  average  of  many  rays,  as  has  been  discussed  in  Chapter  IV, 

The  12.  80*  ray  is  presented  here  as  an  excellent  example  of  the 
difficulties  that  are  implicit  in  the  entire  method  of  ray  tracing  in  inhomo¬ 
geneous  media.  The  shallow  turning  point  of  this  ray,  at  261  miles,  occurred 
at  a  depth  that  was  just  above  a  very  shallow  secondary  sound  channel  -  this 
channel  was,  in  fact,  introduced  by  the  velocity  field  construction  program 
as  it  attempted  to  smooth  the  transition  across  an  abrupt  change  in  slope  of 
the  temperature  of  the  thermocline.  Additionally,  the  channel  was  not  present 
in  the  velocity  profile  that  was  entered  at  the  range  243  miles  but  was  found 
in  the  profile  at  26  3  miles;  the  physical  existence  of  the  channel,  at  the  time 
the  ship  transited  these  ranges,  was  further  indicated  at  the  subsequent 
profile  range  of  273  miles  where  it  appeared  somewhat  more  strongly  and 
at  a  slightly  deeper  depth. 

In  short,  the  shallow  turning-point  depth  of  the  12.80’  ray  was  just 
above  the  weak  sound  channel.  As  indicated  by  the  most  accurate  ray  tracing 
summaries  of  Tables  5.  5.  3.  1  -  5.  5.  3.  11,  the  ray  was  able  to  continue  turning 
and  proceeded  to  deeper  depths.  The  results  of  Tables  5.  5.  3.  6,  7,  9  were 


-147- 


obtained  for  less  stringent  values  of  the  control  parameters  and  for  these 
the  ray  became  trapped  for  several  oscillations  in  the  slight  secondary 
channel.  It  is  to  be  noted  that  this  trapping  could  have  been  obtained  for  a 
very  alight  change  in  the  initial  ray  angle  and  for  the  most  accurate  ray 
tracing;  conversely.  Table  5.5.  3.9  shows  that  relaxation  of  the  £ -test  to 


allow  an  uncertainty  of  1.0  meter/sec  also  permitted  the  trapping  to  occur. 
Whether  this  type  of  trapping  actually  did  occur  in  the  experiment  would 
require  analysis  of  the  measurement  accuracy  of  the  velocity  profile  struc¬ 
ture  and  would  also  require  detailed  interpretation  of  the  experimental  re¬ 
sults.  This  question  is  less  important  than  the  general  result  of  the  ray 
tracing  program  that  the  set  of  rays  with  turning  points  in  this  region  showed 
a  marked  distortion  in  the  ray  magnification  function  for  these  rays.  In  any 
event,  and  for  low  acoustical  frequencies  with  wavelengths  of  the  order  of 
tens  of  meters,  the  limited  depth  interval  of  only  a  few  meters  of  the  sound 
channel  of  this  example  could  be  expected  to  have  only  a  minor  physical  ef¬ 
fect  on  an  extended  wavefront. 

It  has  been  remarked  that  the  variation  in  the  ranges  of  the  turning 
points  as  a  function  of  the  control  parameters  was  more  marked  for  the 
12.  80*  ray  than  for  the  14.  80*  ray,  primarily  because  the  steeper  angle  of 
the  latter  ray  made  it  less  sensitive  to  the  detail  of  the  upper  thermocline 
structure  than  was  the  case  for  the  rays  with  turning  points  in  this  region. 
However,  the  precision  of  the  most  accurate  ray  tracing  of  the  12.  80*  ray. 
Table  5.  5.  3.  1,  was  confirmed  independently  by  the  reversibility  test  pre¬ 
sented  in  the  next  section. 
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•377479*9  -J 
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so  .  o  0 0 
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-.44*00*13  -1 
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1  530  .  7421 
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-.13200**9  -2 
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1525  .  4919 

-.623*3230  -1 
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??5 . O00 
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-.4444  793-5  -1 
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.38309333  -3 
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- , 1O8?2*00  0 
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1 5q4 . 390  * 
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27*3,100 
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.157*3346  -1 
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,27394347  -* 
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, ?96  7*584  •* 
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1515.8321 
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3366.300 
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1526 .5728 
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. 
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1539  .J419 
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4688.300 
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,30764607  -6 

4888.300 
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.30393872  .6 
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.30269623  •* 

9068.300 
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,10291330  •! 

,30117035  -6 
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1550 .0*01 
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.29773712  .6 

■ 
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1553 .7583 
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9*68.300 
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1557 ,4322 
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.10*  4024*  •! 
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1*7,260 
94 J, 900 

ir?| .706 
11 V*,40Q 

1200.700 
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1*11.7607 
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,14?i  2227  .1 
.1*742811  -1 
, 1 7782*47  -1 
,1776*101  -1 
,l7m78o?  .1 
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.17642891  -1 

.1741*277  -1 
.17947578  -1 
,17479727  .1 
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,16043*66  -1 
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.19*0409*  -3 
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i  1*31 8613  •* 
.34*1277*  •< 
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-.290*31*7  •* 
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.509  75342  •* 
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, J9  *  0  ?Q*1  •* 
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»91».*i69 
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19\3.6?1? 
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V90*  .  >*** 
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190« ,6l84 
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!* 
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1200.700 

1*91,1*47 

.160*1276  •? 

-.97097072  .4 
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.7497499*  •< 

3797,400 
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.17#8  03s«j  .  1 
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4094.300 
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0 
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« 
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1 
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1971.9947 
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4*9.994 

>9(7. *».- 
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949.04 
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9*9.04 

1911,299* 

• . «*4«***3 

994.04 

>4(4.4221 

• .439(1371 

n\ 

-,929779*1  .3 

If  9', 09 

(•49.4*4* 

•.14437JI7 

t 

-,4149491#  .2 

40.04 

ll*l . 4*4  9 

•.917*1117 

•  1 

.17242719  .1 

04.04 
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• . 2**99117 

-1 

-.1*13924*  .( 

•  4|,IM 

19*7.7419 

. . 4*779313 

•1 
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•  94.04 

>947.371* 

»  *9| *  1 7*1 

•  7 

,401144*  .1 

491,40 

19*71*49* 
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•  1 
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•1 
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190.9*99 

. 39997*39 

•1 
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-.1*9*9933 

•1 
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•3 
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1197. 499 
3(99,10 
049,10 
>499,10 

1999.199 

1414. 199 

1799.199 
2999,1*1 

1999.199 
4999,10 
41*9,10 
409,191 
4199*10 
4499*10 
4(99*10 

409. 194 
4749,149 

4944.199 
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l492.1plS 
1492 ,8019 
1493.5910 
1494 ,4371 
J  4  95  ,  J?02  4 
1 4  96 , 6 i 29 
1 49/, 3433 
1498,5930 
14  99,0.110 

14  99, 0,14,1 
1500, 4740 
1501,9154 
1*02, 756(3 
1  5 Q4  ,  0  00  7 
J  505.2474 

1 5  0  7 , 9  38  9 
1*08.9790 
1510,4400 
1 5ll , 6010 
I5l2. 1 725 
1513,9634 
l5l 5 , 4  ?45 
l5i5,832l 


i 51 7. 605A 

1519,3020 

1521.1020 

1522.946? 

1524. 7328 
1526.5728 
15?8, 3159 
1 530 . 1 1 23 
J  531 . 9U9 
1533. 7j40 
1535 , 5706 

1  53  7 . 3  ?9  7 
1539,1419 
1540.9573 
1 542. 7757 
154* . 5973 
1 546 ,4719 
1548, 2490 
1550 , 0801 
1 551 , 9i3fl 
1553. 7503 

1565,'  49p 
1507,4  <2? 
1559,2776 
1 5  A 1 . 1 ?5ft 


r  "'f-1  r  t c if  n»  ? 

-  .  1 7p06«s  1  .1 
. S>4 1 08?  3  *? 
.  1  7  7  4  2 l 4  A  -1 

,574:>?MP  •? 
.57*?2ft3fl  •? 
.  ,  1*5  7‘j496  0 

-. 20O941O*  n 

•  . ?05  76| 5  7  fl 

-.16576090  0 

- . 314  ?01 76  .1 

•  ,  10710001  0 

-.2174958/  r 

-.10036197  0 

-.11036311  fl 
-.80663000  *1 
-.45962.37?  -1 
-.36,362320  -1 
-.241 62716  -1 

-  67015891  •? 
- . 10700720  • 7 

-.22462730  -1 
- . 355639??  -1 
- .46, 65795  •* 
-.47066111  .1 

-.47766*30  .1 

• . 5l i 67946 
-.97701596  -1 
-.695  3941  1 

-.36934021  -1 

-  .  <15  3574  0  -1 
• . 5<p 36060  -1 

-  . 33  3  72 7 q  ?  .? 
.  •.*6?0910O  .? 
.  6 1  «3  1  8 1  8  1  -  7 
.72,35707  7  .? 
.57506190  -? 
.75759639  .? 
. 96, 33409  -? 
.97470189  .? 
,  1  ?  J  30257  -i 
.  171  30547  •! 

.  l?l  40686  -1 
.14316589  -i 
,21737909  -? 
..  <1  o8054  «? 
.10966746  -1 
.13.302985  -1 
.14535705  -1 
.14615043  -1 
.  1  <  1  05507  -1 
.15063149  -t 
.10930317  -1 
.13743346  -1 
,1330593?  -1 
.13.306789  -1 
.1574*540  -1 
,14?1?22?  *< 
.14742611  -1 


.  1775264  7  - 
.17705101  - 
.  170*  760?  * 
.17830309  - 
.1780269  1  - 
.1/915287  . 
. 1?94 7578  - 
.1/9  797?  7  - 

.  1 A  f)  1  17  2  3  - 

.  18  fi  4  35  ft  6  • 
. 18  fi  75?j  7  - 
.  1 A  J  O  67 1  0  • 
.18,  3803  7  - 
.10149136  - 
,10700016  - 

. 1*7  10694  - 
.16741137  - 
. 18?91340  • 
.15371766  • 
, 1 A3 5 09 ft  4  - 
.1A30Q375  - 
. 164  094  4  3  • 

, 104  3874  4  . 
.104  46759  - 
.18495140  - 


-npn  irlrNT 

.71(1)0310  -2 
.  ?U  0O  *  36  •? 
.19173486  •> 
«  •  7 25  9 9 V 1  4  •? 

.72V9CV34  -2 
-.74100239  -1 
1030  0W9  -1 
.13700073  -1 
,ft9(  00435  •? 

. 19*66918  -1 
-.40*00772  *1 
.03067*95  -2 
-.17*03/60  *3 
••02*05396  -3 

•  3  0180660  -7 
,*0000900  -I 

•  44*0  0*13  -J 

•  44(-00<13  -3 
.94404602  -3 

-,485360/?  -3 
-.37;o?/59  -3 
• . 1 4*02008  -A 
-,?8*-034A2  -J 
. ?2* 00217  • J 
32C15226  -4 
-,30*Q45ii  -3 
- . 1 3573009  -? 
.70745194 
.11(67860  •* 

•.147351*6  -? 
,14240169  .3 

•  1 39 1 ft8i 4  -3 

-.9  7(93/87  .6 

,**340360  -■* 
«,  3  9945‘>09  •* 

.13(73045  •< 
.39*97196  -4 
. 68126525  -6 
-,13592562  -3 
.36V77421  -4 
-. 0697  0673  -< 
.37207289  -< 
-.04277469  -5 
-.32309167  -3 
.19394095  -3 
.77006314  -4 
,77391469  -4 
,13(05229  -5 
-.13577007  -5 
-.06706290  -5 
.76M2626  -4 
.77294249  .5 
-.79903157  -* 
-.77306062  -4 
.77394367  -4 
,79974504  -4 
-,66201560  -4 
.0*475918  •< 


0  f01  FF  IC1ENT 

.32081004  -6 
,32(25470  -6 
.32577515  -6 
.32596568  -ft 
.32*09853  -ft 
.32306760  -6 
.32196045  -6 
,  32101347  -6 

.31(90203  -ft 
,31/95502  *6 
,315475*6  -ft 
.31*1*032  •* 
.31273297  -6 
,30975342  -6 
,  30/8  4  607  *  6 

.3057*799  . 
.30307/70  -ft 
.30  (*97961  -  6 
. 79754  6 J9  -0 
.79*40190  -6 
.  791  87*34  -6 
.  ?895j5-»2  -ft 
,?A*4A376  -ft 
.  76381  348  *  6 
.78381340  .6 


140LF  OF  VALUES  <1F  £X  TP4PQI  iTED  POINTS 
DF PTH- METERS  VH.OC t Tt-h/SET  l  COF^FIclENT 


Ta 


>lr 


Cf  N  I  I  OB.  lit 


-187- 


0*Jt  19  «  196H  •  0  i  Miiftt 


a  '  1 


pffp  P#n(  |  i  f  A<  iKQ  Qcfl  -  | ,  rS  t  c  *  v  0H'3*«vfl  “AM^U*  [U-wTm«  ?  ,  ?j)9  yfc  ;  C6NT1^8*Ufe 


IMI?  nr  values  "t  OP569vf0  point’s 


UtPTfc-.Mf.  T^4^ 

V‘ c«C 1 r  v 

C r  i  ci*  NT  / 

C'J  6  ^  '  I'MiN 

- 

.  000 

1542.  i«.0fi 

*  .  1  7p86«5  1 

*  1 

, ?JbC03J6 

•  / 

10,000 

1 847 , pO<>« 

.57 4  *  6*?  C 

•  2 

,231-0  0  336 

-2 

TZ  .  Z  0  ? 

•  «t«9  -tad* 

•  4 

.  i  9  !■  1  9  4  6  6 

• ; 

^0.000 

1542.4973 

.5>47263* 

-  ? 

-  ,  2  ?  99  9  964 

-2 

<*0.000 

1  942 ,  •  TIT 

.  5/4  7?A3« 

-? 

. 2?999964 

•  2 

'6.000 

1  942 . 9S?1 

• .1*875498 

0 

•  ,  2  4/  0  0  i  19 

-1 

AO ■ 000 

l54Q  .  ;ift48 

•  .  ?*p3  61Q4 

n 

-■1  0  30  0  1  /9 

•l 

■’0,000 

1  9  96  ,  9  t  6  V 

•  .  26576,5  7 

0 

,  1 31  ooa'J 

•1 

*0 . 000 

1  9  3  4  .  «}  4  9  9 

•  .  1*83609  f. 

0 

.  69  ion  039 

•? 

*0.000 

1531,6417 

•  .  31490175 

•  1 

.  1 9C 66  9  10 

•1 

«*.ooo 

1  5  .3  3  ,  7.920 

•  .  10  7760*1 

0 

- .'c*on ’ n 

•1 

100.000 

1512.9641 

-  .  112495H  7 

0 

,  *506  7  495 

•  2 

l?5, ooo 

»»?V,«|00 

*  .  158  9619/ 

11 

-  1  1  7 1  0  A  t  A  0 

-.1 

1*0.000 

1 5?  7 , 1 400 

•.  11*96111 

0 

- ,  62*05390 

•  3 

1  T«i .  0  o  Q 

1573. VOif 

- .BH563080 

•l 

.  30  f- 803*0 

•? 

200.000 

1972,  Tt  7* 

-  .4995217? 

■  1 

.  4  01-00  <]0O 

•  3 

??5. 00Q 

l  5  7  1 , 6  <3  3  7 

•  ,  3  9  3  A  ?  1  ?  n 

.  44hoMi5 

-  3 

210 ,000 

1 570,9497 

- .24, 6  2  ?  1  6 

M 

«44K)8«15 

-  3 

279. 000 

1 9?0 , 4486 

•  . 6  7ft 1 5*9  1 

'? 

.94«O40O2 

•  J 

Jno. 000 

l57C , *1 16 

- . 102*0??* 

'V 

-.4*636072 

-3 

390.000 

191 V , 9*35 

• ,22482730 

*1 

37202739 

•  3 

*00 . 000 

l 5 1  * , 3*53 

-  .  J5.98392? 

*1 

• , 1 44  02000 

-  3 

**>o ,  ooo 

1  , 41 *1 

- . 45i 65295 

*1 

• .  ?Bfr 0.1-t *2 

-  1 

900,000 

1 5l J . 748* 

*.47664111 

•1 

. 22600 21/ 

-3 

990 , 000 

I'll,  fc  '  O' 

-  .  4276643ft 

-,.52016221 

■  4 

600,000 

l'o4, «’?? 

-.911 4/946 

*1 

oo'o«»n 

>3 

A'o .000 

1500.5337 

•  .  V27fil  996 

*1 

•  .  1  35  7.3009 

•  ? 

6  7  o  ,  q  o  0 

i>i' . .»«? 

*  .858  9941 j 

*1 

. ?0> J'l«« 

•  2 

1 00  .  000 

1902. 775i 

-  .36994*21 

M 

.  1  If  678A6 

•? 

7  3  o  .  c  0  0 

1  *  0  ^ .  1121 

-  .4189574,1 

•1 

J47J414, 

-? 

79g  ,  ooo 

1  9ol  .  (J a 6  7 

•  .  54*  *6(16* 

•  1 

.  j"  434*169 

-3 

111*, *00 

1490.6107 

•  .  3  1 3  7  ?  7  0  ? 

•2 

1  1 3  V  1  ft  8 1 4 

•  3 

i?oo, 700 

1490 . *41 n 

.  ?6? 899ft 9 

*2 

•  ,  9  719  3  707 

•  6 

i?M,eoo 

1 491 . 0*09 

.91*191*1 

•  2 

,  *464  n  366 

•  4 

1 37 1  .500 

t^n.oMi 

.  7?  88  7  0  7  7 

*2 

•  ,  69V48609 

*4 

1  *9  7 , JO  0 

1*«2.  «U3 

.528061  9  0 

*2 

.136  7  3  04  5 

«4 

19*3,000 

,757*9639 

-2 

.  39497106 

•  4 

,471.700 

1493.591* 

.951 9340V 

•? 

-5 

,714.400 

1494.6921 

.97475189 

'? 

13692562 

■  5 

1*00.100 

1«11,2'2« 

,1?1 95257 

•1 

,80V774?i 

•  4 

1**9,900 

1496,8129 

.121  90*47 

•! 

-.  80971,673 

•  4 

197J ,*00 

1*97 , 3431 

,  t?1  40686 

■1 

.572072*9 

-4 

20*7 ,  100 

1490 .893* 

.1431  6589 

*1 

-.64277489 

-6 

nil  .ooo 

1  499.631* 

,21797909 

•? 

- . 323091*7 

pio.yoo 

149  9 . 6.14.9 

.I4i 08654 

•2 

. 19694095 

*  3 

2220,700 

1 500 ,474* 

.10966746 

•1 

.27060314 

•  4 

7314,900 

I'Ol 

.13302985 

•1 

.27391409 

.4 

7400.700 

lin2 . 7'6n 

.148  95205 

•1 

.130  65229 

.5 

?4M,  900 

140', 0167 

.14  835  6  43 

•1 

-  .  1  35  7  7007 

*  6 

7971,600 

1504,2474 

,14i  05587 

-1 

- ,86786290 

•  6 

7743,100 

1  5  0  7 . 818  9 

,  156631  4  9 

*1 

.  26/  4?4?6 

•  4 

?e?a.Boo 

lion, 1714 

.1699031? 

-1 

,  ?7?9  4249 

.5 

7914,900 

1  MO  . 440* 

.1*763346 

•9 

•  ,  29903167 

•  4 

3000.700 

nil  .661* 

,  1  43*593? 

-  1 

.  ,  sJJHim? 

.4 

30*6,000 

1 5 1 2 , 7?29 

.13306289 

•1 

.  27394367 

•  4 

3171,700 

1 5l3 , 9634 

.1576454* 

•  1 

,  29974**4 

»  8 

9297,400 

1  5  i  5 , 4  ?4  9 

,  1 4  J 1 2?  2? 

-1 

•  ,  602  0  l666 

•  4 

3?  *  * , 3  0  0 

1519.8321 

.14762*11 

•1 

,09475918 

»  4 

TAOL.F  nr  VALUES 

rr  tvrpAooi  ATEr 

PQ  1  NTS 

DFPTH**f?Tf  R9 

v i- i_nc  1 1  v  -«25rr 

2  cof*t I c  1 R m  r 

n  COIFF  iCIFht 

33*8.300 

151 7 ,6054 

,  1  7  782647 

•  1 

. 32081004 

•  6 

34*6,30  0 

1 5lV , 34?6 

.  17765*  01 

- 1 

.  32/  2547  0 

•  6 

39*8.300 

1  5?  J.  ,1*2* 

. 1 7ft1 7*02 

-  1 

»  32677*1$ 

•  6 

36*9,300 

1522,946? 

.17850389 

- 1 

. 326965*8 

•  6 

37*8.300 

1  5  A  ,  7  ,2ft 

.17**2691 

•  1 

. 32*05063 

►  6 

36*8, 300 

1 5  2  6 , 5?2* 

.1791520/ 

-  1 

.  ,323867*0 

*  6 

39*9 . J00 

lSPd , 3i59 

. 1/947578 

-  1 

,  .92  1  96045 

•  6 

40*8 , 900 

1530 . 1123 

,1/979777 

•  1 

.  921013*7 

*  6 

41*8 . 30  Q 

1531,9119 

.  i  ^  *  1 1  7  ?  3 

•  1 

.  Mi-90203 

-6 

42*8,300 

1 5 1 0 . '1** 

.  1 fl  043566 

-  1 

. 31795502 

-0 

43*8,300 

1 5 15 , 8?  0  6 

.18075237 

- 1 

.  3164  7546 

•  6 

4«**,300 

153/ .3297 

.  1*1  0071* 

-1 

.314 1 4U  32 

*  6 

49*6  ,  .300 

1 53V . 1419 

.1*1  90037 

- 1 

.31223297 

»  6 

46*8 , 300 

1J4Q  ,  99  7  .9 

.  1  *1 69 1 36 

•  1 

, 90975342 

•  6 

47*8,300 

1 542 .  775  7 

.I8?o0016 

-  1 

. 3O7B40O7 

•  6 

46*8 ,30  0 

1  544  .597  9 

, 1*290696 

-1 

,30674799 

•  b 

49*«  ,300 

1546 . 4710 

.1*26113/ 

•  1 

.  9030/  77  0 

•  6 

80*0, 300 

1  548. ?4  9  5 

. 1*291340 

-1 

.  3009  796  1 

•  6 

4l*»,300 

1550 . 0»01 

. 1 *351266 

- 1 

. 2975403 9 

.6 

92*8,300 

1 551  .  9t  3* 

.1834096* 

•  1 

. 29640198 

•  6 

83*6*300 

1553  ,  750  9 

.1*340376 

-  1 

. ?9182«34 

6 

84*6,303 

1555.549* 

.1*409443 

-  1 

.28953552 

-6 

69*4, 300 

155/  ,41?? 

. 1*436?44 

-  1 

,  ?Rf  4*376 

•  6 

96** , 300 

1559  ,7778 

.1*466789 

-  1 

, 7*381 J*8 

»  ft 

8  7  ft  8 ,300 

1561 . 1 756 

.  1  A  4  «  5  1  4  A 

•  1 

. 29381346 

-6 

Table-  S.  ■=..  1  .  20 


188- 


1.5363  oec/mlle 


TOTAL  TIME)  6(25 


REAI,  DATA 


WAV  trace  ANALYSIS  PROGRAM.  R  n  HlAJtNGKAM  .  [A-201-U15 

Hav  niimRPRi  ?  iMITlAI  A  N  r,  I  E  *  14,800  D  fi  G  H  F  E  S 


L 1 ST  OF  TURNIP  PO  |  MTS 


NUMBER 

range  nm 

Depth  m 

SINE 

1 

42,0365 

5330  i  0164 

,01 oouooo 

2 

76,4735 

5316,6074 

,00000000 

3 

110 . 7732 

5300,5859 

,  U  0  0  O  0  0  o  o 

4 

211.2336 

5320,6432 

,  0  0  0  O  u  0  0  o 

% 

245 , 8378 

5327,2179 

, U60OUOO0 

SECONDS 
51,9442 
94, «7»? 
136,6560 
261,0543 
30 j, 7*18 


Llsr  OF  bottom 

HITS 

number 

RANGE  nm 

DEPTH  m 

SINE 

1 

9,6509 

5231 , 3682 

,04940010 

2 

144 . 6268 

5303,5306 

,01223719 

3 

177,6907 

5297,6438 

,01939190 

4 

260 . 6628 

4854 , 2592 

.43183014 

SECONDS 
11,0527 
17», 6556 
219,3*98 
309,5590 


LIST  OF  SURFACE  HITS 


NUMBER 

range  nm 

DEPTH  m 

SINE 

1 

24 , 8445 

,  0  00  0 

-.12042871 

-.12022631 

2 

59,2619 

,  0  00  0 

3 

93,6401 

,  000  0 

-.11973456 

4 

127.9680 

,  0  00  0 

-.12173470 

5 

161.2821 

,  0  00  0 

-.12035611 

6 

193,9753 

,  0  00  0 

-.11669018 

7 

220,5325 

,0  00  0 

-, 11449216 

SECONDS 

30,7036 

73,2196 

115,6*74 

158,0**3 

199,2*96 

239,7412 

282,4145 


DFRTH  M«2331,/246  EPSILON*  ,4000  dELTa*  250  MIN  DEI.  T  A*  25  SIN  TEST*  ,020 


Table;  5.  5.  2.  1 


-18')- 


1.1372  #*c/*U« 


TOTAL  TI  Ml  i  i«Z5 


REAL  DATA 


RAY  TRACE  ANALYSIS  PROGRAM.  R  p  M I N 1 NGHA  M  .  (A. 201*01) 

hay  number*  a  initial  angle*  ia.boo  degrees 
list  or  turning  points 


NUMBER 

Range  nm 

DfrTh  m 

SINE 

SECONOS 

1 

42 , 0446 

5329,5941 

, OOQOOOOO 

51,9537 

2 

76,4012 

110.7087 

5318,3160 

,  OdQOOOOO 

94,4996 

3 

5299,0879 

,  UbOOUOQO 

136,8748 

4 

211,3011 

5319,3012 

,  00000  Og0 

261,1343 

5 

245,9018 

5326,4147 

,00000000 

303,8580 

LIST  Or  BOTTOM 

HITS 

number 

range  nm 

depth  m 

SINE 

SECONDS 

1 

9,6913 

5231,3729 

,04939935 

11,8532 

2 

144,6574 

5303,5305 

, 01188210 

178,7315 

3 

177,7442 

5297,4712 

, 01908294 

219,6532 

4 

250,6504 

4868,3945 

,43348186 

309,5427 

list  or  SURFACE 

HITS 

number 

RANGE  NM 

DFPTH  m 

sine 

SECONDS 

1 

24 , 0516 

,  0000 

*, 12064716 

30,7141 

2 

59,2727 

,  0000 

*.12033742 

73.2J25 

3 

93,6568 

,  0000 

*,11957655 

11*. 7094 

4 

127,9814 

,  0000 

*,12085987 

158,1117 

If 

161.3277 

,  0000 

*.12028807 

199,3437 

6 

194,0436 

,  0000 

*.11713184 

239,8223 

7 

228,5976 

,  0000 

*, 11435945 

282,4916 

depth  m*233i,7246  EPSILON*  ,4000  DELTA*  500  min  delta*  25  SIN  test*  .020 


Table  5.  5.  Z.  2 


-190- 


1.037?  mc/*L1* 


TOTAL  Tllftl  4 1 20 


REAL  DATA 


n  A  u  *  Q  i  m  t  i  ki  i  i  w 

•'  “  >  1  *«  »  V  • 

Mat  number* 

r  #  r  nn  n  a  n  .  u 
^  v  rMwttn*”* 

6  INITIAL 

“  t",  “  I  r»  I  NGriA  n 

ANGLE*  14,800 

*  ; i-wi j 

DEGREES’ 

list  or  T'JSN '  'iG 

t*  a  ♦  **  ?  S 

number 

range  nm 

depth  m 

S>  INS 

SECONDS 

1 

42,0414 

5329,5420 

, OUOOOOqO 

51,9503 

2 

76.4852 

5318,0626 

,00000060 

94,4930 

3 

110 , 7706 

5298,9006 

,  0  0  00  0060 

136,6542 

4 

211,5049 

5318,0771 

,00000000 

261,3791 

5 

246.1231 

5325,9340 

,00000000 

304.1239 

LIST  OP  BOTTOM 

HITS 

NUMBER 

RANGE  nm 

dfpth  m 

SINE 

SECONDS 

1 

9.6517 

5231,3776 

,04939857 

11,6536 

2 

144.7297 

5303,5304 

,00963707 

176,6189 

3 

17/, 9301 

5296,8711 

,01865054 

219,8761 

4 

250,6071 

4917,5981 

,43891237 

309,4096 

list  or  surface 

HITS 

NUMBER 

range  nm 

DEPTH  m 

S>  I  NE 

SECONDS 

1 

24,3489 

,  0000 

-.12116200 

30,7111 

2 

59,2705 

,  0000 

-,120752§3 

73.23U0 

3 

93,6454 

,  0000 

-.11611114 

115,6936 

4 

127,9670 

.  0000 

-, 12083045 

156.0952 

5 

161,4950 

,  0000 

-.12007135 

199.5444 

6 

194.2570 

,  0000 

-.11692902 

240,0778 

7 

22«.8217 

,  0000 

-.11411035 

262,7607 

UfPTM  M»233l, 7g*6  EPSILON*  ,4000  DELT*«1000  MIN  DELTA*  2*  S>JN  TEST*  .020 


Table  5.  5.  2.  3 


-191- 


1,4166  aac^dla 


TOTAL  TlWfci  5*55 


REAL  DATA 


RAY  TRACE  ANALTblb  KkOuS*h. 

Rat  number*  8  Initial 

A  «  Ul  ..iNfTuiU 

n  u  'T  »n  i  ‘iwrixi'  - 

ANGLE*  T*  .806 

,  A. 9 111  .  U1  1 

DEGREES' 

list  or  tlihn i ng 

MOiNiS 

number 

1 

2 

3 

4 

5 

RaNUE  NM 
42,0405 
76.4635 
110,7569 
211,269# 
245,8691 

DEPTH  m 
5329,7029 
5318,3268 
5299,5013 
5319,6343 
5325,7106 

sine 

,  0  uooooou 

,00009000 
,  O0Q090  00 
,00009000 
,09000000 

SECONDS 

51,9469 

94,4*70 

136,8376 

241,0982 

303,8203 

list  or  BOTTOM  HITS 

number 

1 

2 

3 

4 

range  nm 

9,6509 

144,6266 

177.7266 

250,6578 

DEPTH  H 
5231,3682 
5305,5306 
5297,5215 
4859,9059 

SINE 

, 0*940010 
,01170549 
,0189/265 
,43254495 

SECONDS 

11.8527 

17B.69S8 

219,6355 

309.55J4 

LIST  or  SURFACE 

HITS 

number 

1 

2 

3 

4 

5 

6 

7 

range  nm 

24,8480 

59.2578 

93,6293 

127.9527 

161,3051 

194,0297 

228,5671 

DEPTH  h 
,0000 
,  0000 
,  0000 
,  0000 
,  0000 
,  0000 
•  oooo 

sine 

•,12123664 
12621877 
U9677J1 
-.12094519 
•,12068439 
-, 11900036 
-,  11440839 

SECONDS 

3U.7099 

73,2168 

115,6701 

158,0781 

199,3178 

239,8065 

282,4564 

DEPTH  M«233l,7246 

EPSILON*  ,9000  DELTA*  *9<> 

MJN  DELT A*10Q 

SIN  TEST*  ,080 

Table  5.  5.  4 


0.9976 


TOTAL  THtti  4  <10 


REAL  DATA 


AAV  TRACE  ANALYSIS  RRQQRaM.  A  D  HInINOHAM  .  t  A-20 1-U1 } 
*AY  NUMBER*  10  INITIAL  ANGLE*  14,800  DECRIES 

LIST  or  TURNING  points 


NUMBER 

AaNQE  nm 

death  m 

SINE 

SECONDS 

1 

42,0370 

5329,4630 

,00000000 

51,9446 

2 

70,4790 

5319.3832 

,00000000 

94.4146 

3 

110,7759 

5300.3869 

,00000000 

136,6695 

4 

211.1690 

5320.3438 

,00000000 

260, *772 

5 

245,7714 

5326,9850 

,00008000 

w„ 

303,7(23 

or  bottom 

HITS 

number 

AaNQE  nM 

depth  m 

SINE 

SECONDS 

l 

9,6513 

5231,3729 

.04939935 

11,6532 

2 

144,6002 

5303,5306 

,01249403 

178,6637 

3 

177,6388 

5297,8114 

,019643*6 

21*.5»J6 

4 

250,6747 

4040,5606 

,43046548 

309,5735 

or  surpace 

HITS 

number 

RaNSE  nm 

OEATH  m 

sine 

SECONDS 

1 

24,8407 

,0000 

-.12113836 

30,7013 

2 

59.2658 

,  0000 

-.12553072 

73,2140 

3 

93,6452 

,  0000 

-,1198899* 

115,6630 

4 

127.9640 

,0000 

-.12097709 

158,0*10 

5 

161.2452 

•  0000 

-.12098*03 

1**, 24*5 

6 

193,9141 

•  0000 

-.11803913. 

239.6*77 

7 

228,4672 

•  0000 

-.10513665 

262,3156 

DEPTH  M»2331 , 7246  EPSILON*  ,4000  dELTa*  900  HIN  DELTAdOO  SIN  TEST*  .020 


Table  5.  5.  2.  5 


-193- 


o.ttyr?  mc/mu* 


TOTAL  TIUEl  3 130 


REAL  DATA 


RAY  TRACE  ANALYSIS  PROGRAM.  R  D  MInINGHAM  .  IA.201-Ui) 

HAY  NUMBER*  12  INITIAL  ANGLE*  14.800  DEGREES 

List  Of  TURNING  POINTS 


NUMBER 

1 

2 

3 

4 

5 


range  nm 
42,0337 
76,4450 
110,7463 
211,4721 
246,(1347 


depth  m 

5329,6545 

5316,6603 

5296,4071 

5316,1953 

5323,8121 


SINE 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 


SECONDS 

51,9410 

9*,4464 

135.8251 

261,3398 

304,0184 


LIST  or  BOTTOM  HITS 


NUMBER 

range  nm 

dep 

1 

9,6517 

5231 

2 

144,6506 

5303 

3 

177,6685 

5297 

4 

250,6264 

4895 

H  H 

SINE 

SECONDS 

3778 

,049396*7 

11,8536 

5305 

.01078931 

176.7J49 

1021 

,01746278 

219,7*08 

6020 

,43682691 

30*, 5142 

LIST  or  SURFACE  HITS 


number 

RANGE  nm 

depth  h 

sine 

SECONDS 

1 

24,8481 

,0000 

*.12125373 

30,7100 

2 

59,2364 

93,6148 

(  0000 

-.12572646 

73,1*97 

3 

,0000 

-.11966235 

115 ,6577 

4 

127,9364 

,  0000 

*, 12082098 

158,0992 

5 

161.3660 

•  0000 

-,t20J0509 

199,3*10 

6 

194,2284 

,0000 

-.117324*4 

240,0439 

7 

228,7490 

•  0000 

-.1012*341 

2*2,6740 

DEPTH  N»233l,72«6  EPSILON*  ,4000 


DELT«*1000  HIN  DELTA*100  SIN  TEST ■  ,020 


Table  5.  5.  Z.  6 


-194- 


1.5363  Mc/nll* 

TOTAL  TIlfl.1  6l25 

RTTAL  DATA 

94 V  TWACf  ANALYSIS  PBUG9AM. 

R  [)  M  INHUMAN  - 

IA-201-U1) 

U  AY  IJ IIMHCUb 

1  A  !  HI  t  T  f  Al_ 

4Hfti  e ■  11  Mftn  ncr.occi 

LIST  or  TURN  HU 

POINTS 

NUMgEB 

P*NUp  NM 

0  p  8  T  H  M 

sine 

1 

42.0455 

5329.6878 

,00000000 

2 

76,4870 

5319,7470 

,00000000 

3 

110,7848 

5300, 2167 

,00000000 

4 

211.1763 

53?t  ,  3377 

,00000000 

5 

245,7749 

5329,1059 

,00000000 

list  nr  bottom 

HITS 

number 

RANUE  NM 

ufpTh  m 

SINE 

1 

9.6509 

5231,3682 

,04940010 

2 

144,6044 

5303.5306 

, 01268874 

3 

177,6318 

5297 , 8339 

.01V50774 

4 

250,6739 

4841 , 5465 

,43038896 

list  nr  surface 

HITS 

number 

PANuiF  NM 

OpPTH  M 

SINE 

l 

24,854? 

,0000 

-.121165*7 
- .11963882 

2 

59,2754 

1  0000 

3 

93,6535 

,0000 

-.119708*2 

4 

127.9753 

,0000 

-.12219315 

5 

161.2301 

,  0000 

-.12041577 

6 

193,9167 

.0000 

-.11732194 

7 

220.4733 

,0000 

- ,11462670 

DfPTH  M»233l,7246  EPSILON*  ,4000  BELT**  2j0  MIN  DELTA*  25  SJN 


T.'.olc  Z.5.2.7 

—  1  V  5  — 


SECONDS 

51,9948 

94,4*47 

130.0706 

260.9*60 

303.70/4 


SECONDS 

11,0927 

178,6*91 

219.5190 

309,5735 


SECONDS 

30,71/3 

73,2356 

115,7034 

158,1050 

199,2281 

239.6715 

202.344Q 


TEST*  ,100 


1  J.771  *#c/*il* 


TOTAL  TIMEj  4*55 


REAL  DATA 


1  AW  T  U  A  nC  iiui  w  i'  • 

. "W‘-  J|j  rnwiiM* 

Hay  NUMBER*  16  imr 


■’»  r"vu<i»n«  m  i)  niNINUHAH  .  (A.2H-yij 

1*  initial  angle*  i4,8oo  degrees 


I  tCT  r\t  TiiO  kit  an  nrw* .»«? 

**  ‘  "  •  *  •  W  ”•**•«  r  w  |  «i  |  <# 


NUMBER 

1 

2 

3 

4 

5 


RANGE  NH 
42 . a?89 
76,4727 
110,7683 
211.4513 
246,0548 


DEPTH  H 
5320,4214 
53i§,i57l 
5299,3746 
5317,3756 
5324,7354 


S  JNE 

,00000000 
.OOOQUUoO 
,  Ob  00  0000 
.  00000000 
,  UIOOUOQO 


SECONDS' 

51,9351 

94,4776 

136,8510 

261,3146 

304,0414 


LIST  08  HOTTOH  HITS 


NUMBER 

1 

2 

3 

4 


range  nm 
9,6513 
144,685? 
177,8551 
250,6216 


DEPTH  H 
5231,3729 
5303,5306 
5297,1134 
4901,1608 


SINE 

.  0*939935 
. 01 062735 
. U1H40U20 
,45702034 


SECONDS 

11,8552 

176,7*57 

219,7867 

309,5072 


LIST  or  SURFACE  hits 


number 

1 

2 

3 

4 

5 

6 
7 


range  nm 
24.833B 
59.2561 
93,6365 
127,9568 
161,4037 
t’4,1872 
226,7464 


Depth  m 
,  0000 
,  0000 
,  0000 
,  0000 
I  0000 
,  0000 
,  0000 


SINE 

•,12074029 

•,12070138 

•,119069*1 

*.12127232 

••12009471 

•■11696222 

•,11407567 


SfcCONDS 

3u , 6931 
75,2126 
119.6633 
156,0630 
199,4357 
239,9946 
282,6725 


DEPTH  M*233l,7246  EPSILON*  ,4100  DELTA"  soo  pin  delta*  25  SIN  TEST* 


Table  5.  5.  2.  8 


- 1 96- 


1.1572  **c/*il* 


TOT  AX  TIME i  4l50 


REA!,  DATA 


RAY  TRACE  ANALYSIS  PROGRAM-  R  D  MInINGhAM  .  (A-2L1-U11 

ray  number*  is  initial  angle*  ia.sqo  degree* 


List  or  TURNING  POINTS 


NUMBER 

range  nm 

depth  m 

mne 

1 

42,0381 

5329,9269 

,00000000 

2 

76,4797 

5319,2813 

,  0  0  0  0  o  o  0  o 

3 

110,7870 

5302,1588 

.QUOOOOoO 

4 

210,8398 

5326,0975 

'OUOQUOOO 

5 

245,4453 

5334,5697 

,00000000 

SECONDS 

51,9463 

94,4»»3 

136,4736 

269,5154 

303,3153 


or  BOTTOM 

HITS 

NUMBER 

range  nm 

DEPTH  m 

SINS 

1 

9,6517 

5231,3776 

,049398*7 

2 

144,5002 

5303,5306 

,  01537630 

3 

177,3465 

5296,7543 

,02065441 

4 

250,7414 

4764,6356 

,42246072 

5 

254,2508 

5357,3188 

,83156412 

SECONDS 
11,4536 
176,5454 
219 , 1409 
309,6404 
31/. 6036 


LIST  or  SURFACE  HITS 


NUMBER 

1 

2 

3 

4 

5 

6 
7 
a 


range  nm 
24,8442 
59,2648 
93,6445 
127,9439 
161,0158 

193,5735 

224,1410 

252,3901 


depth  M  SINS 

,  0000  *  ,1</11*544 

.0000  -.12077400 

,0000  -.11972691 

,0000  -.12145027 

,0000  -, 12080315 

,0000  -.11772633 

,0000  -.11509066 

,0000  -.63506643 


SECONDS 
30,7(56 
73,2233 
117 ,6931 
154,1156 
195.973* 
239,2634 
261,9464 
313.4Q23 


DEPTH  M«2331,7246  EPSILON*  ,4000  DSLTa«1000  mjn  DELTA*  25  S|N  tsst«  .100 


Table  5.  5.  2.  9 


0.7m  mc/M1« 


TOTAL  TIMA l  3»I5 


REAL  DATA 


AAV  TRACE  ANALYSIS  PROGRAM-  R  D  HInINGHAM  .  JA-201-Ulj 

Ray  number*  20  initial  angle*  ia.boo  decree!' 
list  or  TURNHC  POINTS 


NUMBER 

range  nm 

depth  m 

SINE 

1 

42.0468 

5329,5295 

,00000000 

2 

76,5007 

5319,7365 

,00000000 

3 

110,8006 

5300 i 4930 

,00000000 

4 

211,5932 

5317,1658 

,QOOOOOqO 

5 

246.1S75 

5326,2505 

,00000000 

OF  BOTTOM 

HtTS 

NUMBER 

range  nh 

DEPTH  m 

SINE 

1 

9.6519 

5231,3603 

,0493V7*4 

2 

144,7633 

5303,5303 

,  00979540 

3 

177,9934 

5296,6658 

, 01603322 

4 

250,5947 

4931,8084 

,44040136 

Or  SURFACE 

HITS 

number 

range  nm 

DEPTH  M 

SINE 

1 

24,6522 

,0000 

•,12114329 

2 

59.2774 

,  0000 

•.12011252 

3 

93,6607 

,  0000 

11966140 

4 

127,9676 

*0000 

•,12095391 

5 

161.5311 

,  0000 

-.12004149 

6 

194.3369 

,  0000 

-, 11691224 

7 

22«,869o 

1  0000 

-.11424799 

DEPTH  M«233l,7246  EPSILON-1, 0(100 


DELTa*1000  MIN  DELTAS  25  s 


Table  5.  5.  2.  10 


SECONDS 

51.956: 

94,5106 

1J6,6668 

261,4620 

304,1964 


SECONDS 

11,65X9 

176,65/6 

219,9500 

309,4716 


SECONDS 

30,7151 

73,2361 

117,7116 

156.1190 

199.56L6 

240.1713 

262,6363 


IN  TEST*  ,020 


-198- 


0.73&2  Mfl/rt.1* 

TOTAL  TI Hi.  1  3«C5 

REAL  DATA 

HAY  TfiACe  ANALYSIS  PROGRAM. 

hay  number*  22  initial 

R  D  MiNtNQHAM  - 
ANGLE*  14 , 800 

|A.201»U1) 

DEGREES 

list  or  turning 

POINTS 

NUMBER 

1 

2 

3 

4 

5 

range  nm 

42,0444 

76,4625 

110,7513 

211.7912 

246,3625 

depth  h 

5329.6439 

5316,4882 

5296.2679 

5315.0929 

5322,9604 

SINE 

.00000000 
,01000000 
, QOOOOOOO 

,00000000 

,00000000 

SECONDS 

51,9937 

94,46*0 

136,8)12 

261,7196 

303,40*1 

list  or  BOTTOM  HITS 

NUMBER 

1 

2 

3 

4 

range  nm 

9,6519 

144,8202 

176,1765 

250,5663 

DEPTH  h 
5231 1 3803 
5303,5302 
5296.0761 
4964,1233 

SINE 

,04939794 

,00730819 

,01752368 

,44434361 

SECONDS 

11,6939 

178,9262 

220,1693 

309,4369 

list  or  SURFACE 

WITS 

NUMBER 

1 

2 

3 

4 

5 

6 

7 

range  nm 

26,8473 

59,2477 

93,6169 

127,9404 

161,7009 

194,5337 

229,0745 

OEPTH  m 

,  0000 
.  0000 
,  0000 
,0000 
,0000 
,0000 
,0000 

sine 

*,12121006 
-.11993616 
*,12709655 
-.12078162 
*,11992336 
-,11436507 
-,  113767*2 

SECONDS 

30,7092 

73,2036 

115,6606 

196,06)8 

199,7692 

240,4076 

263,0410 

DEPTH  M«2331|7246 

EPSILON*!, 0900  dELTa*1000 

HIN  0ELTA»100  UN 

TEST*  ,020 

Table  5.  5.  2.  11 


-199- 


1,4142  ■•c/mlle 

TOTAL  TIKLi  8il5 

REAL  DATA 

RAY  trace  analtsis 

PROGRAM* 

R  D  MININGHAM  . 

{A.2U1-U1, 

hay  number*  i3 

Initial 

ANGi_E  a  12.800  DEGREES 

LIST  OF  TUNNING  po 

t  NT  S 

number 

range  nm 

DEPTH  h 

SINE 

SECONDS 

1 

10,6914 

4636,8062 

,00000000 

13,0866 

2 

27,3065 

56,0691 

,00000000 

33,6)40 

3 

4  J ,  9612 

4661,7441 

.OCQOQQQO 

54,2266 

4 

60,5835 

58,6136 

,00000000 

74,77/4 

5 

77,2256 

4646,1412 

,00000000 

95,3522 

6 

93,7580 

59,5792 

,00000000 

115,7990 

7 

110,2344 

4625,4456 

,00000000 

136,1792 

8 

126,9466 

63,4847 

,00000000 

156,8345 

9 

143,6946 

4633,8019 

,00000000 

177,5402 

10 

160.3327 

57,6701 

,00000000 

100,1091 

11 

3  76,9653 

4633,6488 

,00000000 

210,6714 

12 

193,6527 

65,5746 

,00000000 

239,2965 

13 

210.3562 

4638,8054 

,00000000 

259,9449 

14 

227,3088 

65,1093 

,00000000 

280,8866 

15 

244,2782 

4648,4786 

,00000000 

301,8926 

16 

261,3155 

64,4044 

,00(00000 

322,8901 

17 

261.5947 

67,7178 

,00000090 

323,2338 

18 

261,9443 

66,5572 

,00000000 

323,6544 

19 

262,2404 

67,5114 

,00000000 

324,0106 

20 

262,5587 

66,5480 

.0OQQO0O0 

324,3939 

21 

262.8330 

67,3708 

.00000000 

324,7235 

22 

263.1413 

66,7344 

,00000000 

325,0943 

23 

263.4026 

67,2826 

,00000000 

325,4090 

24 

263,6868 

66.7907 

,00000000 

329,7506 

25 

263,9723 

47,2401 

,00000000 

326,0940 

26 

264,23*7 

66,9946 

,00000000 

326,4097 

27 

264,5608 

67,4055 

,00000000 

326,8261 

28 

264,8435 

67,2746 

,00000000 

32/, 1421 

29 

265,4524 

67,7972 

,00000000 

327,8746 

30 

265.499'' 

67,7961 

,0000000c 

32/, 9)12 

31 

2*3,2255 

4640,7667 

,00000000 

349,8056 

32 

299.8845 

60,8300 

,00000000 

370,3909 

33 

316,4664 

4597,2013 

,00000000 

390,9007 

34 

332,9613 

63,0783 

,00000000 

411,29*9 

35 

349,4576 

4597,2014 

,00000000 

431,6909 

list  or  bottom  hits 

nu  bottom  hits 

list  or  susr*c6  hits 
no  sufir*ce  hits 

OPPTH  M»233l,7246  EPSILON*  ,  4000  06LT*«  2j0  MIN  DELTA*  25  SJN  TEST*  ,100 


Tabic  5.  5.  3.  ' 


1.0285  ••c/adl* 


TOTAL  TXW.1  fc»00 


REAL  DATA 


OAW  tOi^C  A  Li  Ik  •  V  C  t  C  Li  O  A  *  O  »  *4  A  n  UlutkJ^UAU  _  f  »U1  t 

Hay  number*  "  i  Initial  angle*  "  12, 800  OEGHfii 

i_j«t  ne  Tijoujiijii  ontijtg 


NUMBER 

hangs  nm 

Depth  m 

SINE 

1 

10,6907 

4636,8044 

,01000000 

2 

27.3036 

58,1211 

,01000000 

3 

43,9552 

4661,9209 

,00000006 

4 

60.5957 

58,7826 

,00000000 

5 

77,2364 

4647,2377 

,00000000 

6 

93,7702 

59,3993 

,00000000 

7 

110,2481 

4627,0526 

,00000000 

8 

126,9740 

63,1653 

,00000000 

9 

143.7364 

4634,1481 

,00009000 

10 

160,3909 

57,3289 

,00000000 

11 

177,0383 

4634,6345 

,00000000 

12 

193,7278 

65,5456 

,00009000 

13 

210.4404 

4639,7244 

,00009000 

14 

227,3826 

65,3084 

,00009000 

15 

244.3490 

4648,2251 

,09000000 

16 

261,6297 

65,9928 

,09000000 

17 

278,8663 

4638,0370 

,09000000 

18 

295.5877 

60 ,0790 

,00000000 

19 

312,2357 

4593,5493 

,09000000 

20 

328.7465 

63,4772 

,90000000 

21 

345,2652 

4593,5491 

,00009000 

list  or  bottom  hits 

NO  BOTTOM  HITS 

list  or  surface  hits 

NO  SURFACE  HITS 


DEPTH  M*233l , 7246  EPSILON*  ,4000  DELTA*  90 D  MIN  DELTA.  25  Si 


Table  5.  5.  3.  2 


SECONDS 
Li,  OS/I 
)j,61Ql 
5SU*i 
74,782 
95,3*9! 
11>,  *13! 
136,18*1 
15*, B71! 
17/.580; 
I9*,17«i 
21#, 799 
239,3*1! 
269,049 
289 ,977 
301.93/! 
324,27* 
349,9*1 
369,224i 
389,80* 
406,229 
426,6*2 


N  TEST*  .020 


-201- 


0.95*71 


total  TILii  5j35 


REAL  DATA 


TRACE  ANALYSIS  PROQRaM. 

Mat  number*  s 


LIST  or  turning  points 


NUMBER 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

a 

12 

13 

14 

15 
18 
17 

16 

19 

20 
21 


RANGf  NM 
10.6913 
27,3044 
43,9504 
60,6487 
77,3345 
93,8466 
110,3254 
127,0383 
143,7909 
160 i 4298 
177,0613 
19 J , 7536 
210,4548 
227,4096 

244,3(156 

261,4341 

278,6611 

295,4165 

312,0702 

328,5788 

345,1010 


R  D  HIMINGHAM  .  I A«201»U1 1 

Aktfil  Cm  40  A  46  m  4  * 

“•■•••••  I  WV  UCtf^CC  *■» 


depth  m 
4636,6050 
56,1166 
4661,9658 
56,8267 
4646,0186 
59,9596 
4686,2976 
63,3897 
4632,7654 
57,8472 
4630,7369 
66,0643 
4639,6622 
69,3654 
4644,4134 
64,7589 
4634,7534 
60,0433 
4590,1552 
63,2596 
4590,1552 


6 1  NS 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 

,00000000 


U$t  or  bottom  hus 
no  bottom  hits 


SEC0N0S 
13,0184 
33,6318 
54,2140 
74,6564 
95,4636 
11 9 , 90*2 
136,2896 
156,9498 
17/, 6566 
198,2260 
215,7166 
239,4196 
260,0633 
281,0096 
301,9617 
323,0405 
344,3386 
365,0224 
385,60*9 
406,0236 
426,4546 


list  or  surface  hits 
NO  SURFACE  HITS 


Depth  m»2331,7246 


EPSILON*  ,4100  OELT**tOOO  MJN  delta*  25  SIN  TEST*  ,Q20 


Table  5.  5.  3.  3 


-302- 


1.3714  Mc/all*  TOTAL  TlkELi  8«00 

REAL  DATA 

TRACE  ANALYSIS  PPOORaM-  R  D  MlNlNOMAM  .  IA-201-U1) 

Sit  Tun5£S.  7  Initial  angle*  w.boo  degrees 

LIST  or  TURNING  POINTS 


NUMBER 

RANttE  nH 

DEPTH  M 

SINS 

1 

10,6914 

4636,8062 

.ocoooooo 

2 

27,3017 

54,1523 

.QOQOOOQO 

3 

4-1,9577 

4661,8168 

,00000000 

4 

60,4553 

56,8423 

,00000000 

5 

77,3362 

4645,3990 

,00000000 

4 

93,8970 

58,7015 

,00000000 

7 

110.4220 

4624,2656 

,00000000 

8 

127,1403 

63,4974 

,00000000 

9 

143,8874 

4632,1*29 

,00000000 

10 

140,5217 

57,823* 

,00000000 

11 

177,152* 

4632,2*99 

,00000000 

12 

193,8421 

65,7386 

,00000000 

13 

210,5454 

4637,3438 

•OOOOOQoO 

14 

227,4930 

65,0827 

,00000000 

15 

244,4728 

4647,6013 

,00000000 

16 

261,5769 

64,4407 

,00000000 

17 

278,6670 

*638,8072 

,00000000 

18 

295,3900 

60,0678 

,00000000 

19 

312,0395 

4594,5429 

,00000000 

20 

328,5551 

63,1064 

,00009000 

21 

345,0763 

*594,5431 

,00000030 

LIST  Or  BOTTOM  HITS 
NO  BOTTOM  HITS 

LIST  or  SURFACE  WITS 
no  SURFACE  HITS 


DEPTH  M»233l,7246  EPSILON*  ,4000  cELTa*  250  M I N  DELTa»X00  SI 


Table  5,  5,  3.  4 


SECONDS 

13,0**6 
33,42*4 
5*,2229 
74,6*36 
9*, 4*50 
115,9**0 

135,4*47 
15/, 0712 
17/, 771* 
19*. 31*0 
215,8945 
239,5257 
260 , 1711 
281,1097 
302,0*41 
323,2120 
344,3211 
344,9902 
385,5718 
405.9951 
426,4*50 


N  TfcSl »  ,020 


-203- 


0.9971  moMi* 


TOTAL  TZKEt  $<39 


REAL  DATA 


•  Aw  tti.E  tuti  *(i«  BonaA.M.  ■  n  mtiiuiui.  _  ,,.ari,_ii,  . 

Ray  numbim  9  '  initial  anolb* "'12,600  oediigir 

l_|«T  nr  TUNMf  NQ  •QJWf* 


number 

ransi  nm 

D|9TH  M 

SINS 

SECOND 

1 

10.4907 

4634,0044 

,00000000 

If, 01 

2 

27,2944 

96,1729 

,00000090 

3f  »6| 

3 

43,9310 

4641,0030 

,00090000 

94.lt 

4 

60,4270 

94,4907 

,00900000 

7!,  01 

9 

77,3239 

4649,0961 

,00000090 

*>,47 

* 

93,1393 

40,1172 

,00000090 

11>,69 

7 

110,3167 

4619,0062 

,00090000 

136,27 

• 

127,0440 

43,9140 

,00000000 

196,91 

9 

143,7936 

4631,9109 

,00000000 

177,63 

10 

160,4297 

97,0090 

,00000090 

196,21 

11 

177,0621 

4632,1211 

,00090000 

2l|l»7S 

12 

193,7690 

49,7179 

,00000090 

239,4» 

13 

210.4790 

4617,4071 

,00009000 

260.03 

14 

227,4299 

64,9006 

,00000000 

261,01 

19 

244,3940 

4647,9294 

,00009000 

301,93 

10 

261,3600 

44,9162 

,00000000 

322.93 

17 

270.5314 

4630,2639 

,00000090 

344,19 

10 

299,2919 

40,0906 

,00000000 

364,01 

19 

311.9092 

4993,3034 

,00000000 

369,41 

20 

320.4190 

63,0990 

,00000000 

409,62 

21 

344,9436 

4993,3033 

,00009000 

426,26 

LIST  or  BOTTOM 

HITS 

NO  BOTTOM  HITS 

list  or  suftrAOl 

HITS 

NO  SUR7ACI  HITS 


BIRTH  H«2331 , 7246  fRStlON*  ,4000  oEUa*  900  MIN  DELTAdOt  SIN  TEST*  ,020 


Table  5.  5,  3.  5 


-204- 


0.8428  Mc/idle 


TOTAL  TIMLi  4*55 


REAL  DATA 


PAY  TRACE  ANALYSIS  PROGRAM-  R  D  MININGHAK  -  [A-201-Uij 

pay  number*  ii  Initial  angle*  12.808  degrees 

LIST  or  TURNING  POINTS 


NUMBER 

RANUE  NM 

OepTh  M 

S  iNE 

SECOND* 

1 

10,6913 

4636 i 8050 

, OUOOOOQO 

13,0084 

2 

27.2995 

56.1725 

,  01)000000 

33,6856 

3 

43,9556 

4662.0056 

,00  0000|)0 

54.21*7 

4 

60,6476 

56 . 8965 

,00080000 

74,0548 

5 

77,3280 

4645.3537 

,00008000 

95,47*2 

6 

93,8796 

58.8807 

,00008000 

115.9452 

7 

110,3971 

4625.1129 

,00000000 

136.3750 

8 

127,1151 

63.5049 

.ooooooeo 

157,0411 

9 

143,8620 

4631.6439 

,00008000 

17/, 7417 

10 

160,4931 

57.7409 

.ooooooeo 

198,3020 

11 

177,1238 

4632,3869 

,00008000 

218,0*20 

12 

193,8154 

65.7293 

,00008000 

239.4*41 

13 

210,5303 

4637.7235 

, OOOOOQqO 

268,1540 

14 

227,4887 

<5.4181 

,00000000 

201,1047 

15 

244,4557 

4648.3810 

,00008000 

302,0*55 

16 

261,6114 

65.8070 

,00000000 

323,2537 

17 

278.7237 

4639.9515 

,08000000 

344,3*02 

IB 

295,4405 

59.6483 

,08000000 

365,0*1* 

19 

312,0876 

4596.3665 

,08000000 

305, *804 

20 

328,6163 

63.0559 

.QOOOOOQO 

406,0**3 

21 

345,1212 

4596  1-3662 

, QOOCOOqO 

426,4*07 

LIST  or  BOTTOM  HITS 
NO  BOTTOM  HITS 

list  or  surface  hits 
no  SURFACE  hits 


depth  M*233l,7246  EPSILON*  ,4000  d6LTa*1000  MIN  DELT A*1QQ  SIN  TEST*  ,020 


Table  5.  5.  3.6 


1.4142  mo/bLU 


TOTAL  TIHEi  8(15 


RKAL  DATA 


RAV  TRACk  ANALYSIS  PROGRAM.  R  0  M  t  N I NGHAM  .  tA.2U.Ul) 

Ray  number*  i  initial  angle*  12, boo  degrees 

LIST  OP  TURN  I  >IG  POINTS 


number 

parse  nm 

depth  m 

SINE 

SECONDS 

L 

10,6914 

4636)8062 

,  01)000000 

13,0186 

2 

27,3103 

56)1248 

,  O'JOOQOOO 

33.6386 

3 

43,9638 

4661,7430 

, OOOOOOOO 

54,2296 

4 

60,6487 

56,9917 

, OUQOOOQO 

74,6558 

5 

77,3220 

4645,9849 

,00000000 

95.4662 

6 

93.87S7 

58,9457 

, 00000000 

115,9406 

7 

110,3653 

4625,1242 

, 00000000 

136,3606 

8 

127.1047 

63,2749 

, 00000000 

157,0287 

9 

143,8547 

4633,0407 

, OOOCOOQO 

177,7326 

10 

160.4911 

57,7543 

, OOOOOOOO 

198,2996 

11 

177,1219 

4633,2844 

,  OOOOOOOO 

218.8597 

12 

193,8077 

65,6781 

.OOOOOOOO 

239,4148 

13 

210.5176 

4638,3765 

,00000000 

260,1)86 

14 

227,4623 

65,0646 

, OOOOOOOO 

281.0732 

IS 

244,4385 

4648,3111 

,00000000 

302,0453 

16 

261,4483 

64,3531 

, OOOOOOOO 

323,0578 

17 

27-1,5465 

4639,9808 

,00000000 

346,1768 

18 

295,2831 

59,8875 

.OOOOOOOO 

364.8620 

19 

311,9376 

4595,7191 

,00000000 

385,4498 

20 

328,4561 

63,0793 

,00000000 

405,8764 

21 

344,9815 

4595,7192 

,00000000 

426,3114 

LIST  or  BOTTOT  HITS 
NO  BOTTOM  HITS 

LIST  or  SURPACfc  HITS 
no  SURFACE  HITS 


OERTH  M*233l,7246  EPSILON*  ,4000 


DELTA*  250  WIN  DELTA*  25  SIN  TEST*  ,1)20 


Table  5.  5.  3.  7 


-206- 


1.0857 


Hc/iile 


TOTAL  TIMLl  6«20 


REAL  DATA 


RAY  TRACE  ANALYSIS  PROGRAM.  R  D  MIniNGHAH  .  tA-201-Ul) 

ray  number*  15  initial  angle*  12,600  degrees 


List  or  TURN  MU  POINTS 


NUMBER 

ranqf  nm 

ofpTk  m 

SINE 

SECONDS 

1 

10,6907 

4636,0044 

.OlOOUOflO 

13,0078 

2 

27,2121 

59,3028 

,06000000 

33,5205 

3 

43,0122 

4660 ,9987 

,06000000 

54,04/4 

4 

60,4310 

57,9067 

,06000000 

74,5550 

5 

77,0840 

4644,7097 

,06000000 

95,1022 

6 

93,5987 

54,5366 

,06000000 

115,60/0 

7 

110.1091 

4623,2235 

,06000000 

136,0250 

e 

126 , 7  755 

63, 3463 

.ocooooqo 

156,6322 

9 

143,5324 

4632,4670 

,06000000 

177,3440 

10 

160,1104 

50,3837 

,06000000 

197,8507 

11 

176,7542 

4631,7805 

,06000000 

215.4165 

12 

193,3297 

70,0813 

,06000000 

238,9089 

13 

209,9772 

4634,6417 

,00000000 

259,4072 

14 

220,9135 

65,3198 

,06000000 

200,4115 

15 

243.0874 

4646,8911 

,06000000 

301.3011 

16 

260,9238 

66,4761 

,06000000 

322,4255 

17 

261,0603 

67,1706 

,06000000 

322,5097 

10 

261 , 3865 

64,0827 

,06000000 

322,9019 

19 

261,5361 

60,0006 

,06000000 

323,1019 

20 

261.0037 

63,8295 

,06000000 

323,4037 

21 

261,9565 

60,0460 

,06000000 

323,0*74 

22 

262,2106 

64,6064 

,06000000 

323,9003 

23 

279,3651 

4636,2463 

,06000000 

345,1590 

24 

296,0705 

59,9378 

,06000000 

365.0076 

25 

312.7273 

4590,2854 

,06000000 

306,3051 

26 

329,2483 

62,2445 

,06000000 

406,8277 

27 

345,8016 

4590,2854 

,06000000 

427.2962 

LIST  OF  BOTTOM 

HITS 

NO  BOTTOM  HITS 

list  or  surface 

HITS 

no  SURFACE  hits 

DEPTH  M«233l,7246  £P5I LON*  ,4100  DELTA*  500  «IN  0ELTa»-25  SIN  TEST*  ,100 


Table  5.  5.  3.  8 


-207- 


0.9*57 


TOTil  TIME.  5*45 


REAL  DATA 


RAY  TRACE  ANALYSIS 

PROGRAM* 

R  0  M1NINQHAM 

.  (A<2bl*Ul) 

Ray  number* 

17 

Initial 

AN&lE*  12,600 

DEGREES 

list  or  TURNING 

roints 

number 

range  nm 

DEPTH  m 

SINE 

SECONDS 

1 

10,6913 

4636.8050 

,00000000 

13,0684 

2 

27,3220 

55.9652 

,00000000 

33,6525 

3 

44.0020 

4662.5671 

,00000000 

54,2751 

4 

60,6406 

56.6305 

,00000000 

74,8551 

5 

77,2973 

4646.6479 

, 00000000 

95.4J79 

« 

93,7917 

59.7763 

,00000000 

116. 6)66 

7 

110,2601 

4627.4540 

,00000000 

136,2134 

« 

127.0120 

61.9669 

,00000000 

156,9161 

0 

143,7606 

4632.5523 

, QOQQOOqO 

17/, 6198 

10 

160,3610 

57.2477 

,00000000 

198,1663 

11 

177,0096 

4632.2662 

,00000000 

218.7248 

12 

193,6216 

68.9703 

,00000000 

239,2608 

13 

210,3042 

4637,3472 

,00000000 

259, 8612 

14 

227,2941 

65.1325 

.OOOOOOOG 

260,8701 

15 

244,2557 

4646.3104 

,00000000 

301.6251 

16 

261,0361 

72.0140 

,00000000 

322,5(15 

17 

277,0818 

4141.7626 

.00000000 

343,3777 

16 

294.6449 

59,5030 

,00000000 

364,0939 

19 

311.2956 

4596,3941 

,00000000 

384,6770 

20 

327,6062 

64,9141 

,00000000 

405.0959 

21 

344,2577 

4598.3942 

,00000000 

425,4406 

LIST  or  BOTTOM 

HITS 

NO  BOTTOM  HITS 

cist  or  suRrics 

HITS’ 

NO  SURfACI  HITS 


0«f*TH  M*23 31 1 7 24b  EPSILON*  ,4000  OELTa*1000  N|N  DELTA*  25  SIN  TEBTi  ,100 


Table  5.  5.  3.  9 


-208- 


0.7428  Mo/aU* 


TOTAL  TIKE t  4  <20 


REAL  DATA 


Ray  trace  ANALYSIS  PROGRAM.  R  d  MIniNGham  .  [A-201-Uli 

Ray  number*  19  Initial  angle*  12,800  degree*- 

LIST  or  TURNING  POINTS 


NUMBER 

RANGE  NM 

death  m 

£>  INE 

SECONDS 

1 

10,6068 

4636,8003 

.00000000 

10,0132 

2 

27,3011 

56,1495 

,00000000 

33,6101 

3 

43,9439 

4661,6038 

,00000000 

54,2071 

4 

60,6462 

56,8716 

,00000000 

74,0942 

99,4096 

5 

77,3132 

4645,0017 

,00000000 

6 

93,0454 

59,6193 

,00000000 

119,9062 

7 

110,3444 

4623,5956 

,00000000 

136,3136 

0 

127,0344 

63,6610 

,00000000 

156, 9450 

9 

143,7752 

4632,5952 

,00000000 

177, 6)90 

10 

160,3966 

57,7460 

,00000000 

190,1001 

11 

177,0276 

4632,1033 

,00000000 

216,7400 

12 

193,7437 

65,6991 

,00000000 

239,4096 

13 

210.4508 

4037,8505 

,00000000 

260,0602 

14 

227.3672 

65,3700 

,06000000 

200,9006 

301,9096 

15 

244,3499 

4640,2443 

.00000000 

16 

261,3937 

66,4442 

.00000000 

322,9012 

17 

261,6608 

67,5553 

,00000000 

323,3242 

10 

261,9230 

66,6093 

.OOOOQOQO 

323,6300 

323,9600 

19 

262,2022 

67,5221 

,00000000 

20 

262.5201 

66,5614 

, OOOOQOQO 

324,3402 

21 

262,6098 

67,2134 

,00000000 

324,0024 

22 

262,9665 

05.7569 

,00000000 

324,0092 

23 

263.1910 

60,3954 

,00000000 

325,1593 

24 

263,4203 

64 ,5300 

.00000000 

329,4311 

25 

200,4002 

4632,3006 

,00000000 

346,5136 

26 

297,1717 

60,6601 

, OOOOOOflO 

367,1990 

27 

313,7951 

4560,5059 

,00000000 

307,6067 

20 

330,2932 

63,3749 

,00000000 

400,0091 

29 

346,0065 

4500,5050 

,06000000 

420,5099 

list  or  bottom  hits 
no  bottom  hits 

list  or  SURFACE  MITS 
NO  SURFACE  HITS 

DEPTH  M#23Jl i  7246  EPS  I L0N*1 , QO OO  DELTa*1000  MIN  DELTA*  25  SJN  TEST*  .020 


Table  5.  5.  3.  10 


-209- 


0*7142 


OTAL  TlUbi  400 


UAL  DATA 


RAY  TRACE  ANALYSIS  PROGRAM*  R  D  HtNlNGHAM  -  IA-201-U1) 

N* Y  NUMBER*  21  Initial  angle*  12.600  DEGREE* 


list  or  turning  points 


number 

range  nm 

l 

10.6668 

2 

27.2949 

3 

44.9470 

4 

60,6399 

9 

77.3031 

6 

93,8936 

7 

110,3793 

0 

127.0866 

9 

143,6231 

10 

160.4316 

11 

177,0900 

12 

193,7416 

13 

210,4440 

14 

227.3692 

15 

244,3411 

16 

261,2806 

17 

278,2099 

18 

294,9371 

19 

311,9602 

20 

328,0742 

21 

344,9871 

list  or  BOTTOM  HITS 
NO  BOTTOM  HITS 

LIST  or  SURFACE  HITS 
NO  SURFACE  HITS 


DEPTH  M»2331 , 7246  EPSI LON»l , OOOO 


depth  m 

*INE 

4636,8003 

,00000000 

96,1776 

,00000000 

4661,9974 

,00000000 

96.6766 

,00000000 
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5.  6.  Reycr sibility  Test  in  Real  Velocity  Field 

A  further  test  of  the  ray  tracing  program  was  made  to  determine 
the  ability  of  the  program  to  calculate  the  reversed  ray  path  and  to  com¬ 
pare  this  path  with  the  path  determined  by  a  prior  calculation,  Theoretically, 
and  as  a  property  of  the  basic  ray  equation  {III.  1),  any  ray  should  be  exactly 
reversible.  The  solution  by  incremented  iterations  and  the  general  method 
of  the  present  program,  however,  guarantee  that  the  iterations  in  one  direc¬ 
tion  will  be  entirely  independent  of  those  in  the  other  direction.  Thus,  the 
degree  to  which  the  ray  is  returned  to  its  origin  by  the  reversed  ray  tracing 
becomes  an  excellent  criterion  of  the  overall  accuracy  of  the  program. 

The  steps  followed  in  these  tests  were: 

i)  A  forward  ray  tracing  was  made  to  determine  the  depth  and 
ray  angle  of  the  ray  at  a  given  range.  F or  these  the  most  accurate  control 
parameters  were  chosen,  corresponding  to  those  in  Table  5.  5.  2.  1  for  the 
14.  80”  ray  and  in  Table  5.  5.  3,  1  for  the  12.  80°  ray.  Actual  values  were  a 
depth  of  4975.  40  meters  and  an  angle  of  5.  22°  for  the  14.  80  *  ray  at  the 
range  of  250  miles  and  a  depth  of  4085.  93  meters  and  an  angle  of  6.  27°  for 
the  12.  80°  ray  at  a  range  of  350  miles. 

ii)  The  bottom  profile  and  the  velocity  profiles  of  the  velocity 
field  were  reversed  in  their  range  sequences  by  preparing  new  input  data 
decks  for  which  the  given  ranges  were  subtracted  from  the  maximum  range 
of  the  program. 

iii)  The  final  positions  of  the  rays  traced  in  the  forward  direction 
were  used  as  origins  for  a  new  ray  trace  in  the  program  with  reversed  data 
inputs,  but  the  final  angle  of  the  ray  in  the  forward  direction  was  reversed  in 
sign  to  become  the  initial  angle  for  the  new  ray  trace. 

iv)  For  convenience  in  comparing  the  data  results,  the  printouts 
of  the  reversed  ray  trace  were  again  reversed  and  are  presented  in  Table 
5.  6.  1  for  the  14.  80”  ray  and  in  Table  5.  6.  2  for  the  12.  80°  ray.  This  tech¬ 
nique  allows  the  initial  depths  and  angles  of  these  tables  to  be  compared 
directly  with  those  of  Tables  5.  5.  2.  1  and  5.  5,  3.  1  as  measures  of  the  overall 
accuracy  of  the  reversibility  test.  It  also  follows  that  the  data  printouts  of 
the  tables  at  the  largest  ranges  represent  ray  path  comparisons  over  the 
shortest  relative  range  intervals. 
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The  data  comparisons  speak  for  themselves  -  the  variations  are, 
in  less  than  the  deviations  found  for  the  ray  tracings  in  the  forward 

direction  only  but  with  different  values  of  the  control  parameters. 

Re ference  for  Chapter  V 

1.  I.  Tolstoy  and  C.  S.  Clay,  Ocean  Acoustics,  McGraw  Hill  Hook  Co. 
N.Y.  (1966). 
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CHAPTER  VI 


BATHYMETRY 

fa.  1  Intr  oduction 

The  present  ray  tracing  program  is  limited  to  two-dimensional 
cylindrical  spreading,  i.e.  ,  propagation  along  a  given  bearing.  This  is  not 
regarded  as  a  serious  limitation  for  the  treatment  of  ray  paths  that  travel 
entirely  through  water ,  since  in  long-range  propagation  the  possible  effects 
of  azimuthal  refraction  in  the  water  would  not  be  significant  in  the  calcula¬ 
tion  of  transmission  loss  using  the  averaged  sound  distributions  described 
in  Chapter  IV,  Similarly,  and  recognizing  that  surface  wave  scattering  can 
in  principle  be  non- isotropic  in  its  dependence  on  wave  and  swell  directions, 
the  very  small  attenuation  of  such  scattering  (J.V.  1?)  in  the  low-frequency 
limit  and  for  prevailing  sea  states  of  the  ocean  shows  that  there  would  be 
no  more  than  a  formal  advantage  in  accepting  the  complexity  of  a  three- 
dimensional  ray  tracing  program  for  the  sake  of  including  these  physical 
effects  . 

As  discussed  in  Chapter  I,  however,  bottom- reflected  sound  energy 
can  make  a  significant,  and  at  times  major,  contribution  to  the  acoustical 
field  and  must  be  included  in  a  general-purpose  predictive  model.  The  total 
sound  field  is  made  up  of  numerous  and  usually  unidentifiable  arrivals  in 
long-range  propagation  studies.  In  applying  the  present  program  toward 
identifying  the  arrival  structure  due  to  explosi\'e  sources  we  have  had  good 
success  in  predicting  the  arrivals  that  travel  through  the  water  by  refrac¬ 
tion  alone,  but  have  found  it  more  difficult  to  identify  the  bottom- reflected 
arrivals,  especially  in  ocean  regions  with  complex  bathymetry. 

Chapter  I  lists  the  dominant  bathymetric  interactions  as  arising  from: 

i)  terrain  local  to  the  origin, 

ii)  intervening  obstructions  over  the  ray  path,  e.g.  ,  rises 
and  seamounts,  and 

iii)  distant  slopes  which  alter  the  vertical  sound  distribution. 
Formally,  the  use  of  the  cylindrical  spreading  model  demands  that  the 
bottom  contours  taken  about  the  origin  of  the  ray  tracing  be  close  approxi¬ 
mations  to  concentric  circles  about  the  origin  or,  at  least,  that  the  tangent 
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planes  adopted  to  represent  the  bottom  be  not  only  tangent  iu  the  bottom 
profile  used  in  the  program  but  be  also  normal  to  the  particular  azimuthal 
plane  of  the  ray  tracing.  Frequently  these  conditions  will  be  adequately 
met  and  can  be  used  satisfactorily  in  some  geographical  locations  However, 
it  may  happen  that  the  bathymetry  is  so  poorly  defined  that  this  first 
approximation  mv.st  be  made  on  a  provisional  basis  in  making  an  initial 
estimate  of  the  transmission  loss.  In  the  latter  event  the  present  program 
provides  an  estimate  of  the  effect  of  the  bottom  reflections  through,  for 
example,  the  ray  depth  distribution  plots  Such  initial  studies  can  determine 
the  intervals  at  which  bathymetric  measurements  are  needed  as  part  of 
an  experiment  in  acoustical  propagation. 

The  general  problem  of  determining  the  bottom  reflectivity  coefficients 
for  use  in  the  ray  tracing  program  either  experimentally  or  theoretically 
is  far  beyond  the  scope  of  the  present  report.  As  already  noted  in  Chapter 
IV,  it  must  be  emphasized  that  scant  data  exist  as  a  guide  for  even 
representative  models  of  the  low-frequency,  low  grazing  angle  reflections 
that  can  be  expected  to  dominate  in  long-range  propagation.  The  nature  of 
the  information  that  is  required  can  be  summarized  in  three  categories 
that  are  further  discussed  below: 

1.  the  emphasis  on  specular  reflection  coefficients, 

2.  the  treatment  of  highly  contoured  bottoms  that  do  not 
possess  cylindrical  symmetry,  and 

3.  the  reliability  and  accuracy  of  the  bottom  contours 
themselves  in  terms  of  oceanographic  practice  and 
"standard,  "  e  g.  ,  BC  ,  charts. 

6.  2.  Specular  Reflection 

General  treatments  of  boundary  layer  scattering  from  a  moderately 
rough  surface  show  that  the  reflected  waves  can  be  resolved  into  a  specular 
(and  coherent)  wave  and  an  incoherent  wave.  Resolution  into  these  classes 
will  be  possible  whether  the  boundary  may  be  treated  as  a  simple  surface 
or  must  be  analyzed  in  terms  of  subplanes  such  as  those  representing 
sedimented  layers  It  is  to  be  noted  that  when  bottom  penetration  exists 
into  a  multiply  layered  boundary,  the  impulse  response  may  show  a  long 
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apparent  reverberation  resulting  from  the  time  delays  and  dispersions  that 
will  be  associated  with  the  primary  and  secondary  reflections  from  the 
individual  layers  -  the  presence  of  such  a  tail  does  not,  therefore,  provide 
of  itself  a  discrimination  of  the  reflection  as  specular  or  incoherent.  ^ 

The  direction  of  the  specular  reflection,  however,  can  be  treated 
directly  by  the  ray  theory,  and  the  calculation  of  the  spreading  loss  that 
is  applied  to  individual  arrivals  is  unaltered  by  the  reflections  that  occur 
at  plane  or  nearly  plane  boundaries.  It  is  necessary,  of  course,  that  the 
changes  of  the  slopes  of  the  boundary  planes  be  small  compared  with  a 
wavelength  as  a  condition  for  the  application  of  ray  theory  -  otherwise, 
there  will  be  additional  losses  due  to  diffraction. 

The  incoherent  reflection  cannot  be  treated  by  continuation  of  the 
ray  paths  after  the  reflection.  The  intensity  of  the  incident  wave  must  be 
evaluated  at  the  boundary  and  there  be  used  as  a  source  intensity  for  the 
wavelets  scattered  in  all  the  non-specular  directions.  As  a  consequence, 
the  energy  scattered  into  any  differential  solid  angle  becomes  negligible 
with  respect  to  the  energy  in  the  solid  angle  that  is  specularly  reflected. 

As  a  further  consequence,  the  attenuation  of  the  incoherently  scattered 
waves  is  much  greater  than  that  of  the  specularly  reflected  wave  in  the 
far  field  when  a  moderate  to  strong  specularly  reflected  component  can 
exist,  and  this  can  be  expected  in  the  region  of  long  wavelengths  and 
low  grazing  angles  that  dominate  long-range  propagation. 

The  above  emphasizes  that  the  bottom  scattering  attenuations 
(Chapter  IV- 4.  2.1)  that  are  introduced  into  the  ray  tracing  program 
as  part  of  the  weighting  functions  that  modify  each  ray  are  to  apply  to 
specular  reflection,  at  least  for  the  rays  that  subsequently  propagate  to 
long  ranges.  If,  on  the  other  hand,  the  reflectivity  is  measured  locally, 
the  total  incoherently  reflected  energy  contributes  as  an  integral  comprised 
of  all  of  the  contributions  from  the  local  bottom  surface.  The  net  inco¬ 
herent  reflection  comes  from  a  large  effective  solid  angle  and  can  be 
considerably  larger  than  that  due  to  the  specularly  reflected  wave;  also, 
such  local  measurements  will  require  detailed  experimental  design  and 
analysis  to  separate  the  two  types  of  reflectivity  contributions  from  the 
scattered  intensity.  However,  the  incoherent  scattering  remains  a 
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secondary  process,  and  as  the  range  from  the  scatterers  increases,  the 

cr  —  - - u  J - 1  .  c _ il _ _ _  a.±. _ j _ _ . _ J.  ««  *_u  -  a 
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limit  of  long  ranges  (and  excepting  specialized  bottom  contours)  the  incoherent 
scattering  becomes  negligible 

Strong  empiric  evidence  can  be  cited  for  the  use  of  the  specular 

reflection  coefficients  for  the  reflections  from  both  the  surface  and  bottom 

2 

ocean  boundaries.  In  1962  Berman  noted  that  the  arrival  structure  from 


long-range  explosive  shots  can  be  interpreted  as  an  indication  of  the  angular 
spread  of  ray  arrivals  and  concluded  that  over  ranges  as  large  as  2000 
miles  the  angular  spread  was  of  the  order  of  0.  2"!  Such  a  result  cannot  be 
understood  unless  the  reflections  were  specular. 

Berman's  arguments  for  this  conclusion  require  assumptions  and 
simplifications  that  are  unrealistic,  eg,,  no  dispersion  and  no  bottom 
penetration,  and  his  data  analysis  makes  no  distinctions  between  boundary- 
reflected  arrivals  and  arrivals  that  have  traveled  solely  through  the  water. 
Nonetheless,  applications  of  the  present  ray  tracing  program  to  shot 
structure  analysis  do  require  conclusions  that  are  similar  to  Berman's 
(although  we  would  be  considerably  moro  conservative  in  our  own  conclusions). 
It  is  certainly  true  that  with  increasing  range  resolvable  and  identifiable 
bottom- reflected  arrivals  from  explosive  shots  show  far  less  time  spread 
in  their  structure  than  is  found  in  single  bottom  reflections  in  local  measure¬ 
ments.  This  is  in  agreement  with  the  greater  attenuation  with  range  of  the 
incoherent  components  of  the  reflection,  as  discussed  previously.  There 
are,  of  course,  an  increasing  number  of  arrivals  with  increasing  range  - 
it  is  significant  that  the  time  spread  of  the  dominant  arrivals  is  in  good 
agreement  with  the  ray  tracing  model  results  for  the  rays,  and  this  is  one 
basis  for  the  assertion  that  the  energy  carried  by  the  bottom  reflection 
arrivals  cannot  be  neglected  in  long-range  propagation. 


6  3.  Bathymetry  with  Non-Cylindrical  Symmetry 

The  foregoing  remarks  constitute  a  good  approximation  for  the  treat¬ 
ment  of  the  bottom  reflections  when  the  bottom  is  approximately  flat  over  an 
acoustical  path  and  provided  that  strong  reflectors  outside  the  bearing  of  the 
acoustical  path  do  not  provide  special  alternative  paths  that  can  selectively 
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couple  sound  energy  from  the  source  to  the  receiver  The  calculation  of 
transmission  loss  that  is  presented  in  Chapter  IV  requires  a  large  number 


.  .  f  i  z  *  “  * — »•  U  «  .  m  (  s\+*  /v  ntis  Anon  r\-f  a  n  m 

U1  i  cl  W  O  All  U IV  a  *<i*  M  uv<  >u  a.  c»cu  x  »uv  j>  «  -»  — 


nlinn  +  Vn: 


resultant  field  distribution  and  is  especially  suitable  aa  an  averaging  process 
for  the  bottom  reflections  over  a  gently  undulating,  moderately  rough  bottom. 
Specifically,  it  is  expected  that  the  rays  that  are  canted  off  a  given  bearing 
in  a  reflection  will  be  partially  offset  by  rays  that  are  initially  propagating 
on  an  adjacent  bearing  and  which  by  reflection  are  canted  toward  the 
receiver.  The  presence  of  such  "cross-bearing  coupling"  that  averages  to 
a  value  independent  of  the  bearing  is  not  inconsistent  with  the  assumption  of 
cylindrical  spreading  and,  in  first  approximation,  would  not  alter  the  verti¬ 
cal  distribution  of  channeled  sound  energy. 

In  the  presence  of  more  complex  bathymetry,  however,  the  simpli¬ 
fications  of  a  model  based  on  cylindrical  symmetry  cannot  be  justified.  In 
some  experiments  involving  towed  low-frequency  cw  projectors  Hudson 
Laboratories  has  detected  energy  which,  by  its  Doppler  shift,  can  be 
identified  as  propagating  at  bearing  angles  of  30°  to  40°  from  the  direct 
path  and  which  could  have  been  detected  only  after  reflection  from  adjacent 
terrain.  This  experience  is  anomalous,  but  is  cited  as  one  example  that 
the  total  sound  field  results  from  many  contributions.  Indeed,  if  the.  pre¬ 
sent  ray  tracing  program  were  to  be  extended  for  greater  physical  application, 
and  apart  from  technical  improvements  that  might  lead  to  increased 
computational  efficiency,  the  direction  of  the  effort  would  be  toward  a 
more  realistic  inclusion  of  the  contributions  from  bottom  reflections.  The 
following  comments  are  provided  not  toward  discussion  of  such  a  revision 
but  in  appraisal  of  the  limitations  of  the  cylindrical  spreading  model.  The 
comments  are  given  in  terms  of  the  three  principal  bottom  interactions  that 
affect  long-range  propagation. 

6.3.1.  Terrain  Local  to  the  Origin 

When  the  origin  of  the  rays  occurs  at  or  near  a  slope  or  embankment 
there  is  a  strong  possibility  that  slope- reflected  rays  will  be  converted  to 
ray  directions  that  can  propagate  to  long  ranges  in  the  sound  channel  or  in 
an  RSR  mode,  e.g  ..  Figs.  9  and  17.  It  will  be  a  rare  geological  structure, 
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however,  that  does  not  show  troughs  or  rises  and  other  features  which  will 
aci  to  iiwke  Ihe  cuupliiig  of  the  sound  energy  io  the  iar  field  dependent  on 
specific  bearing  angles. 

A  realistic  model  for  this  type  of  boundary  would  consist  of  small- 
scale  roughness  over  an  averaged  bottom  that  is  described  by  contours  taken 
many  wavelengths  apart.  The  roughness  leads  to  incoherent  scattering,  but 
if  the  bottom  is  smooth  on  average  there  will  also  be  a  specular  reflection 
that  can  be  described  through  an  attenuation  function.  The  ray  tracing 
from  a  given  origin  yields  the  direction  of  the  wavefronts  that  are  incident 
against  the  bottom,  and  from  these  data  the  orientation  of  facets  which 
will  reflect  to  a  given  bearing  can  be  determined.  The  effective  cross 
section  for  each  facet  will  be  proportional  to  its  Gaussian  curvature,  and 
the  inclination  of  the  reflected  ray  will  determine  how  the  ray  is  subsequently 
propagated  -  the  facets  that  reflect  steep  rays  that  require  further  bottom 
reflections  can  be  disregarded. 

The  description  in  terms  of  facets  is  the  extension  to  three  dimensions 
of  the  two-dimensional  profile  used  for  cylindrical  spreading.  However, 
the  simple  two-dimensional  profile  implies  that  the  specular  reflection 
remains  on  or  close  to  the  bearing  angle  because  the  bottom  planes  are 
assumed  normal  to  the  given  bearing;  in  three  dimensions  there  may  be  very 
few  or  no  facets  with  an  orientation  that  permits  coupling  to  a  given  bearing 
or,  on  the  other  hand,  certain  bearings  may  be  very  strongly  illuminated 
by  extensive,  favorably  oriented  slopes.  If  an  acoustic  source  and  its 
adjacent  terrain  were  viewed  in  a  manner  that  corrected  for  the  refraction 
of  the  rays  in  subsequent  propagation,  three  characteristic  types  of  illumina¬ 
tion  would  be  clearly  visible: 

1)  direct  rays  which  were  not  reflected  from  the  bottom, 

2)  localized  images  of  the  source  that  are  reflected  from 
the  bottom  facets,  and 

3)  a  uniform  illumination  of  the  entire  slope  due  to 
incoherent  scattering. 

The  fact  that  the  slope,  viewed  from  the  far  field,  would  appear 
uniformly  illuminated  by  the  incoherent  scattering  is  deduced  by  assuming 
that  the  scattering  would  roughly  obey  Lambert's  Law.  This  is  analogous 
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to  the  uniform  radiance  from  the  surface  of  the  moon  produced  by  reflected 
sunlight.  Unlike  the  optical  analogy,  however,  it  would  be  expected  that 
for  low-frfnm>nrv  armistiral  waves  a  tvniral  slone  under  water  would  or 

*  "  /  J  1  i 

could  show  significant  specular  reflection  from  certain  facets,  and  that  the 
specularly  reflected  energy  from  these  would  have  much  greater  brightness 
than  that  scattered  diffusely.  The  degree  with  which  each  type  of  illumination 
contributes  to  the  net  far  acoustical  field  will  depend  on  the  position  of  the 
source  in  the  region  of  the  slope,  the  nature  of  the  slope  itself,  and  the 
structure  of  the  velocity  profiles  which  govern  both  the  coupling  of  the  direct 
rays  and  the  angles  of  incidence  of  the  rays  reflected  against  the  bottom, 
including  those  rays  which  are  first  reflected  from  the  sea  surface. 

More  importantly,  the  refraction  of  the  spreading  energy  of  the  field 
propagating  from  the  sour<  n  and  slope  will  produce  modulations  of  each  of 
the  three  types  of  contributions  that  will  depend  on  the  position  in  the  far 
field.  For  example,  it  will  be  characteristic  of  shadow  zone  reception  that 
the  major  contributions  will  come  from  the  bottom  reflections  although  the 
total  energy  spreading  from  the  source  may  contain  only  a  small  percentage 
of  bottom-reflected  energy. 

A  principal  direction  of  the  present  program  has  been  toward  the 
inclusion  of  all  significant  modes  of  propagation  even  though  the  description 
and  evaluation  of  such  modes  is  (initially)  handled  by  highly  empiric,  even 
ad  hoc,  procedures.  One  reason  for  the  inclusion  of  such  effects  is  to 
increase  the  facility  with  which  the  predicted  transmission  loss  can  be 
compared  with  experimental  data.  Evidently,  the  bottom- reflected  arrival 
contributions  will  not  only  affect  the  magnitude  of  the  measured  transmission 
loss  but  will  be  important  also  in  a  description  of  the  transmission  loss 
spectrum  and  in  the  shape  of  the  transmission  loss  taken  as  a  function  of 
range  and  position  in  the  ocean.  Although  the  present  two-dimensional 
program  cannot  treat  the  bottom  reflections  from  complex  bathymetry  on 
a  quantitative  basis  it  can,  at  least,  contribute  toward  distinguishing  the 
direct,  purely  refracted  or  RSR  arrivals  from  those  that  do  interact  with 
the  bottom. 
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6  3.2.  Seamounts  and  Slopes  at  Intermediate  Ranges 

It  has  already  been  indicated,  e.g.,  in  Fig.  17,  that  an  intervening 
obstruction  can  radically  modily  the  vertical  distribution  of  the  spreading 
sound  energy,  acting  as  a  filter  that  both  attenuates  and  truncates  selected 
ray  bundles.  The  interaction  will  not  only  depend  on  the  bathymetry  of 
the  obstruction  itself  but  will  be  sensitive  to  the  illumination  against  the 
obstruction  that  is  determined  by  the  propagation  paths  between  the  source 
for  the  ray  tracing  and  the  interposed  bottom.  A  detailed  treatment  of  this 
problem,  therefore,  will  be  conditional  upon  a  relatively  complete,  accurate 
treatment  of  the  incident  acoustical  field.  Further,  all  the  problems  raised 
in  the  preceding  discussions  will  again  apply  to  this  type  of  blockage,  including 
the  question  as  to  whether  a  cylindrical  spreading  model  that  is  two  dimen¬ 
sional  will  be  applicable. 

The  model  is  probably  satisfactory  if  the  obstruction  is  a  uniform 
rise  that,  lies  approximately  normal  to  the  acoustical  path,  but  it  will  be 
obviously  inadequate  for  the  treatment  of  seamounts,  many  of  which  have 
widths  that  are  considerably  narrower  than  a  convergence  zone.  Weston 
treated  the  three-dimensional  scattering  from  a  round  island  and  concluded 
that  the  "radar  cross-section"  for  scattering  from  this  type  of  feature  would 
increase  with  deflection  angle  for  source  and  receiver  at  angles  with  respect 
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to  the  island  that  approach  twice  the  bottom  critical  angle.  Weston's 
arguments  are  highly  simplified  and  he  deals  only  with  the  specular  reflection; 
also,  the  fall- off  of  the  specular  reflection  coefficient  with  increasing 
deflection  angle  will  limit  such  side-of-slope  scattering  to  a  smaller 
value  than  that  estimated  by  him. 

If  the  seamount  obstruction  is  regarded  as  being  gradually  trans¬ 
lated  across  an  otherwise  unobstructed  acoustical  path,  it  would  be 
expected  that  the  rising  base  of  the  structure  would  initially  obstruct  the 
propagating  field.  Later,  it  may  well  be  possible  that  reflections  from  the 
sides  add  energy  and  produce  a  redistribution  of  the  ray  bundles  to  increase 
the  efficiency  of  the  transmission.  Finally,  it  would  be  expected  that  the 
central  core  of  the  seamount  would  produce  maximum  occultation  in  a  manner 
that  depends  on  the  depth  of  the  peak  and  the  vertical  distribution  of  the 
sound  field  in  its  location.  The  most  important  simple  criterion  for  these 


-222- 


effects  will  be  the  proportion  of  the  acoustical  field  that  travels  directly 
through  the  water  as  compared  to  the  field  that  arrives  from  the  bottom 

reflections  . 

6.  3.  3.  Distant  Slopes 

When  the  ray  paths  are  followed  across  entire  ocean  basins  the  field 
can  be  regarded  as  broadly  illuminating  the  far  slopes  of  the  basin  and  will 
produce  a  vertical  redistribution  of  the  spreading  energy  as  discussed 
previously  and  indicated  in  Fig.  17.  Because  of  the  reciprocity  theorem 
(Chapter  IV-4.  1.  3)  the  comments  that  apply  to  the  treatment  of  the  local 
slope  near  the  origin  of  the  ray  tracing  will  also  apply  to  the  far-field 
bottom  reflections.  There  is,  of  course,  the  important  practical  distinction 
that  the  origin  for  the  rays  will  represent  a  specific  choice  for  which  every 
attempt  will  be  made  to  define  the  local  bathymetry.  The  sound  field  map 
from  this  origin  can  be  expected  to  cover  tens  of  thousands  of  square  miles 
and  it  must  be  expected  that  detailed  bathymetric  knowledge  will  be  available 
for  only  isolated  areas  of  the  total  field  of  illumination. 

6.4,  Bathymetric  Data 

The  preceding  remarks  summarize  the  limitations  of  the  present 
program  for  dealing  with  the  acoustical  field  that  has  been  bott  im  reflected 
as  well  as  with  extensions  to  the  program  that  could  be  formulated  so  as  to 
provide  a  more  realistic  treatment  of  the  effects  of  the  bottom.  Over-all, 
however,  such  work  demands  that  the  bathymetric  data  must  be  known  with 
a  precision  that  is  at  least  comparable  to  that  of  the  velocity  profile  data. 
Also,  in  terms  of  long-range  propagation  over  paths  of  several  hundred 
miles  range  or  more,  it  is  necessary  that  much  of  the  data  will  come  from 
standard  bathymetric  charts. 

This  chapter  includes  background  for  readers  who  are  not  familiar 
with  the  methods  used  toconstruct  such  charts  It  also  discusses  the  pro¬ 
cedures  adopted  in  connection  with  the  present  program  to  obtain  the 
bottom  profile  that  is  used  in  the  ray  tracing  program. 

6.4.1.  Standard  Bathymetric  Charts 

In  recent  years  the  knowledge  of  deep-sea  bathymetry  has  been 
greatly  increased  through  oceanographic  research  and  military  surveys 
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while  at  the  same  tim*.  various  events  have  dramatized  the  need  for  still 
more  extensive  and  detailed  knowledge  in  the  field.  Institutions  from  which 
Hudson  Laboratories  has  acquired  significant  amounts  of  data,  for  use  'n  the 
ray  trace  program  include  the  British  Hydrographic  Office,  National  Institute 
of  Oceanography  (England),  Deutsches  Hydrographisches  Institut  (Germany), 
Lament  Geological  Observatory,  Woods  Hole  Oceanographic  Institution, 

Scripps  Institution  of  Oceanography,  Bedford  Institute  of  Oceanography 
(Canada),  and  finally  the  U.S.  Naval  Oceanographic  Office  (NAVOCEANO) 
with  the  largest  bathymetric  data-gathering  program  of  all  these.  This 
latter  office  is  the  official  repository  of  all  sounding  data  obtained  by  ships 
under  control  of  the  U.S.  Navy,  but  it  also  receives  extensive  data  from 
other  Government  agencies ,  commercial  ships,  oceanographic  institutions, 
and  foreign  hydrographic  bureaus  Of  all  sounding  data  collected  by 
NAVOCEANO  over  the  past  18  years,  78%  was  obtained  by  Navy  and  Coast 
Guard  vessels,  11%  on  special  surveys,  and  less  than  11%  was  collected 
by  merchant  ships  NAVOCEANO  is  also  responsible  for  the  Department 
of  Defense  Bathymetric  Data  Bank,  and  is  the  world's  largest  producer  of 
bathymetric  charts. 

The  Bathymetry  Division,  Hydrographic  Surveys  Department,  of 
NAVOCEANO  receives  approximately  700  sounding  reports  annually  repre¬ 
senting  about  1.  5  million  miles  of  soundings.  Most  of  the  sounding  tracks 
are  plotted  on  the  3000  series  plotting  sheets  (4  inches  to  a  degree  of 
longitude).  Soundings  are  usually  entered  from  echograms  at  time  intervals 
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of  every  15  min.  However,  an  automated  program  developed  by  Lamont 
Geological  Observatory  under  the  direction  of  Dr.  B.  C.  Heezen  plots 
soundings  at  every  peak,  low,  and  change  of  slope.  ^  Only  in  recent  years 
has  a  program  been  initiated  by  NAVOCEANO  to  inspect  the  echograms 
for  correctness  of  interpretation,  positional  accuiacy,  and  for  grading 
according  to  the  quality  of  the  sounding  equipment  used. 

The  soundings  are  compiled  on  "collection  sheets"  which  are  over¬ 
lays  to  specific  plotting  sheets.  There  may  be  two  sets  of  collection  sheets 
(with  and  without  security  classification),  and  also  several  plotting  sheets  for 
each  collection  sheet.  Classified  bathymetric  data  are  any  data  collected  with 
a  line  spacing  of  5  n.  rn.  or  less  that  have  been  obtained  with  a  high-precision 


-224- 


navigation  system  (e.  g  ,  Loran  C)  on  a  survey  conducted  by  a  Naval  vessel. 
The  Navy  has  no  security  classification  control  over  a  similar  sounding 
density  in  the  same  area  taken  by  an  independent  oceanographic  organization. 

The  Bathymetry  Division  has  the  responsibility  to  provide  charts 
tor  navigation  and  for  the  charting  of  shallow  areas  from  surveys  and  mer¬ 
chant  ship  reports.  The  discussion  in  this  report  is  limited  to  unclassified 
bathymetry. 

Only  about  4 %  of  the  world  oceans  has  been  surveyed  by  trained 
personnel  operating  from  specially  equipped  oceanographic  research  vessels. 
Therefore,  bathymetric  charts  are  constructed  primarily  from  random  data 
tracks,  which  are  sounding  tracks  from  ships  in  transit  from  port  to  port  or  to 
and  from  operating  areas  The  sounding  and  navigation  accuracy  of  these 
tracks  is  often  open  to  question  as  the  data  may  have  been  obtained  or 
reduced  by  untrained  personnel.  A  general  statement  concerning  the  bathy¬ 
metric  charts  of  the  Atlantic  Ocean  is  that  those  west  of  60  °W  longitude  have 
reasonably  good  accuracy,  and  those  from  50°  to  60°  W  longitude  have  only 
fair  accuracy.  The  charts  over  the  Mid- Atlantic  Ridge  delineate  the  ridge 
but  fail,  in  most  cases,  to  point  out  fracture  zones  and  detailed  topographical 
features.  Charts  along  the  coast  of  Europe  range  from  good  to  fair.  There 
are  no  BC  charts  of  the  South  Atlantic,  and  generally  charts  north  of  50° 
latitude  are  poor. 

Many  reported  shallow  features  are  unconfirmed  because  research 
and  survey  vessels  have  been  unable  to  locate  them.  A  similar  situation 
exists  in  deep  waters.  For  example,  the  reports  of  "phantom"  seamounts 
come,  for  the  most  part,  from  merchant  ship  observers  who  operate  low- 
powered  sounding  equipment  that  is  used  only  occasionally  while  the  ship 
is  in  transit.  This  results  in  a  discontinuous  sounding  track  that  causes 
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operator  confusion  as  to  what  is  the  recording  phase  of  the  returning  echo. 

Extensive  phantom  banks  have  been  reported  which  display  two 
dominant  characteristics:  (1)  they  have  depths  between  125  and  375  fathoms, 
and  (2)  they  are  always  located  in  the  daytime,  never  at  night.  Such 
recordings  are  not  the  ocean  bottom,  but  the  "Deep  Scattering  Layer"  (DSL). 
The  DSL  has  been  found  in  most  of  the  world  oceans.  It  descends  from  the 
surface  at  sunrise  to  depths  between  125  and  375  fathoms  during  the  day, 
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Backus  and  Worthington*3  have  found  the  DSL  in  the  area  of  the  "American 
Scout"  seamount  (46"  22' N,  37"  G4:W)  reported  in  July  1946  by  the  5.  5. 
American  Scout  and  two  other  merchant  vessels  the  following  month, 
and  again  in  July  1964.  Five  research  vessels  have  been  in  the  area 
since  1998,  and  have  failed  to  detect  the  motmt.  Soundings  in  the  area 
show  an  average  depth  of  242u  fathoms. 

Another  example  is  Milne  Bank  shown  on  current  charts  at  43°  37' N, 

38°  42'  W.  This  was  first  reported  to  the  British  Admiralty  in  1  864  by 
Sir  Alexander  Milne  at  43°  35*  N,  38°  50' W  as  a  bottom  of  fine  sand  and 
ooze  at  92  and  81  fathoms.  In  1868  the  Ii.  M.  S.  Gannet  obtained  2280 
fathoms  in  Admiral  Milne's  position.  In  1894,  the  Bank  was  removed 
from  the  Admiralty  charts.  The  S.  S.  Innaco  in  1921  obtained  a  sounding 
of  63  fathoms  and  rocky  bottom  at  43  °  37 '  N,  38°42'W,  and  75  fathoms 
about  2  miles  southwest  of  this  position.  On  October  14,  1936,  the  S.  S. 

Camito  ran  its  Marconi  Eckometer  sounding  gear  for  25  min  and  reported 
depths  from  56  to  160  fathoms  during  n  5-niin  period.  It  reported  that 
the  ship  was  running  on  Eckometer  soundings  at  13.8  knots  from 
43°  39'  .  5"N,  38®  38'  .  5"  W  to  43®  40'  N,  38°  37'  W.  In  1937,  the  H.  M.  S. 
Challenger  obtained  depths  at  the  original  Milne  position  of  2200  fathoms. 

In  1957-8,  the  German  research  vessels  Gauss  and  Anton  Dohrn  ran  over 
350  n.  m.  of  track  in  the  area  making  continuous  soundings.  In  1965, 

Backus  and  Worthington^  ran  track  lines  through  the  area.  Neither  the 
56- fathom  peak  nor  any  other  seamount  feature  has  been  observed  by  a 
modern  oceanographic,  vessel. 

We  are  convinced  that  Milne  Bank  does  not  exist  in  its  charted 
position.  However,  the  lead  line  soundings  of  1864  and  1921  cannot  be 
ignored  until  a  systematic  survey  of  the  area  is  undertaken. 

There  is  no  complete  up-to-date  source  combining  the  presentation 
of  all  available  data  for  any  single  BC  area.  The  data  is  found  at  NAVOCEANO 
in  the  following  forms: 

(1)  Documents  -  originals  and/or  copies  of  log  books,  track 
plots,  echograms,  sounding  listings,  charts,  publications; 

(2)  Rolls  of  35-mm  film; 

(3)  Micromaster  slides; 


-226- 


(4)  Punch  card  data  file; 

(5)  Miscellaneous  unplotted  data: 

(6)  Composite  charts; 

(7)  BC  charts  (need  revision,  updating). 

New  programs  in  1954  were  given  priority  over  routine  up-dating 
of  the  BC  charts,  In  March  1964  there  were  23,  438  document  units  not 
plotted  on  BC  charts.  A  document  unit  consists  of  soundings  crossing 
one  plotting  sheet.  The  backlog  is  increasing  because  of  ihe  number  of 
sounding  reports  coming  into  the  division.  There  are  occasional  data 
requests  that  reduce  the  backlog,  but  not  to  any  great  degree. 

The  indexing  of  the  report  documents  starts  with  a  cursory  examina- 
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tion  to  see  that  the  data  reports  conform  to  H.  O.  Pub.  606b  In  this 
examination  many  discrepancies  with  the  publication  are  found,  '.g.  ,  echo- 
grams  but  no  ship  navigation  logs  received,  no  correlation  of  navigation 
with  echograms,  etc.  The  data  are  given  a  general  rating  (1  to  4)  based 
on  the  type  of  navigation  control  and  completeness  of  the  document.  A.  rating 
of  1  is  the  highest  rating  and  has  navigational  control  obtained  by  Loran  A 
or  better  with  fixes  every  four  hours  or  less.  The  data  are  collected  by  a 
survey  on  an  oceanographic  vessel  using  a  precision  depth  recorder  and  the 
echogram  accompanies  the  navigation  data  to  NAVOCEANO.  A  rating  of 
2  meets  all  the  requirements  of  1  except  that  the  navigation  is  poorer  than 
Loran  A,  A  classification  of  3  is  given  to  a  document  that  contains  a  sound¬ 
ing  track  with  no  navigation  aids  but  does  contain  an  echogram.  A  rating 
of  4  is  the  same  as  a  3  rating  without  the  echogram,  and  the  sounding  data 
may  be  only  a  listing  of  depths  and  position. 

It  is  at  this  point  that  a  master  chart  is  prepared  on  which  all  the 
soundings  are  plotted.  The  final  manuscript  contour  chart  for  publication 
is  then  drafted  by  a  bathymetrist  who  must  analyze  the  soundings  and  select 
different  weights  for  the  reliability  of  the  data  so  as  to  fit  the  soundings  to 
a  consistent  bathymetric  representation.  Needless  to  say,  the  quality  of 
the  BC's  differs  because  not  only  do  different  people  make  varying  judgments 
as  to  the  quality  of  the  data,  but  also  the  lack  of  data  in  some  areas  may  force 
the  bathymetrist  to  use  poor  data  that  would  be  omitted  in  areas  where  there 


-227- 


is  good  control  -  e  g  ,  west  of  60  W  longitude,  the  poorer  data  can  be 
omitted  completely.  The  bathymetrist  also  plots  data  from  foreign  nautical 
charts.  The  contours  are  drafted  as  100-fathom  isobaths  that  represent 
the  geomorphology  of  the  area.  A  BC  log  is  kept  for  each  bottom  contour 
chart,  consisting  of  the  following:  1)  the  scientific  literature  referred  to, 

2)  surveys  used,  3)  the  domestic  and  foreign  charts  used,  4)  the  data  of 
completion  of  the  various  steps  in  construction,  and  5)  names  of  personnel 
performing  the  work.  This  work  is  done  by  geologists,  not  cartographers, 
as  the  charting  of  the  sea  floor  differs  greatly  from  contouring  aerial 
topographic  maps 

A  great  deal  of  practical  navigation  experience  is  needed.  Knowledge 
of  sounding  equipment  and  the  correct  delineation  of  bottom  topography 
depends  on  the  bathymetrist1  s  knowledge  of  geology  and  sedimentology . 
Because  the  hydrographic  chart  is  made  up  from  only  spot  soundings, 
sounding  lines,  and  profiles,  placement  of  the  contours  on  the  charts 
necessarily  becomes  subjective  It  is  apparent  that  the  chart  quality  depends 
on  the  bathymetrist' s  care  and  expertise  in  marine  geomorphology.  A  chart 
must  be  constructed  and  reconstructed  until  the  best  possible  interpretation 
is  developed. 

The  use  of  the  published  Bathymetric  Charts  in  underwater  acoustics 
is  limited  for  two  important  reasons:  1)  the  charts  have  been  primarily 
designed  for  surface  navigation  and  therefore  do  not  include  the  positions  at 
which  soundings  were  made,  and  2)  much  of  the  data  used  in  constructing 
the  chart  is  of  unknown  or  poor  accuracy.  Therefore,  it  is  necessary  to 
obtain  the  "collection  sheets,"  when  possible,  in  order  to  determine  the  best 
profile  for  the  ray  tracing  program  in  the  area  of  interest.  The  published 
BC  charts  would  be  much  more  usable  in  acoustical  investigations  if  the 
actual  locations  of  the  sounding  data  (control  lines)  were  to  be  routinely 
incorporated  in  the  construction  of  the  charts.  Also,  the  control  lines 
should  preferably  be  coded  (e.  g.  ,  by  color  or  pattern)  as  to  the  reliability 
in  terms  of  quality  of  navigation  controls,  sounding  equipment,  and  other 
characteristics  of  the  data  presented. 
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6.4.2.  Applications  of  Acoustics  to  Bathymetry 

Essentially  all  of  the  data  used  in  the  preparation  of  the  bathymetric 
charts  (EC's)  comes  from  echo  sounding  with  greater  weight  assigned  for 
the  type  of  apparatus  found  on  oceanographic  research  vessels  Where  the 
contours  change  rapidly,  the  older  wide-beam  (60°)  transducer  can  give 
ambiguous  results  arising  from  apparent  multiple  bottom  structures  unless 
exceptional  care  is  taken  in  "migrating"  the  contours  to  form  continuous 
lines;  this  problem  is  reduced  when  data  are  taken  using  narrow-beam  (6°) 
transducers.  All  such  devices  have  the  defect,  however,  that  bottom 
structure  is  greatly  averaged  by  the  returning  echos  in  transits  over  the 
deep  ocean  and  the  data  are  confined  to  the  contours  taken  over  the  track 
lino  s . 

High-powered,  deep-sea  lateral  echo  sounders  are  far  more  useful 
for  bathymetric  determinations,  for  they  determine  not  only  a  local  bottom 
depth  butalso  a  profile  transverse  to  the  ship's  track  that  may  be  extended 
to  a  range  of  several  miles.  In  consequence,  data  arc  obtained  that  reveal 
the  degree  of  modulation  or  roughness  of  the  bottom.  Present  research 
programs  are  concentrating  on  the  extent  to  which  the  topography  deter¬ 
mined  by  these  techniques  agrees  with  that  mapped  by  the  insitu  observations 
of  a  trained  geological  observer  operating  from  a  deep  submersible. 

Coarser  mapping  of  large-scale  bathymetric  features  such  as  sea¬ 
mounts  or  slopes  can  be  obtained  by  long-range  propagation  studies.  Although 
these  do  not  provide  detail,  they  can  provide  surveys  over  large  geographical 
areas  to  identify  prominent  reflectors  or  ocrultors  of  the  sound.  In  reflection, 
large  explosive  charges  are  used  as  sources  and  the  reflectors  are  located 
by  comparison  of  the  sound  travel  times  for  echoes  that  are  monitored  by 
widely  spaced  hydrophones.  An  example  of  occulta tion  is  shown  in  Fig.  17; 
if  a  continuous  surface  source  such  as  a  towed  projector  were  to  transit 
behind  the  seamount  shown  in  the  figure  there  would  be  a  pronounced  attenua¬ 
tion  of  the  detected  energy  for  the  bearings  that  intercept  the  seamount 

These  techniques  do  not,  of  course,  replace  detailed  surveys,  but 
they  are  of  immense  value  in  revising  the  locations  of  mis- positioned 
seamounts,  in  detecting  seamounts  or  windows  in  unsurveyed  areas,  and 
for  broad  exploration  of  an  area  in  terms  of  its  reverberation  background. 
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Such  work  at  Hudson  Laboratories  has,  for  example,  identified  a  number  of 
acoustic  windows  in  the  Mid-Atlantic  Ridge  and  these  correspond  to  prominent 
fracture  zones  across  the  Ridge. 

6  4-3.  Bathymetric  Data  Required  for  Acoustical  Applications 

The  I  00- fathom  contours  of  the  present  bathymetric  charts  are 
primarily  adapted  toward  surface  vessel  navigation  using  standard  echo¬ 
sounding  apparatus.  If  the  contours  are  regular  and  widely  spaced,  and 
supplemental  information  is  available  as  to  the  physical  nature  of  the  bottom, 
e.g-,  smooth  and  sandy,  or  rock/  and  rough,  such  data  can  be  used  with 
some  reliability  to  construct  the  bottom  profiles  and  approximate  reflectivities 
that  are  needed  for  the  ray  tracing.  A  special  and  optimum  example  would 
be  the  Hatteras  Abyssal  Plain,  which  is  known  to  be  not  only  flat  but  to 
possess  a  large  specular,  coherent  reflectivity.  * 

Such  regions,  however,  are  either  exceptional  in  long-range  pro¬ 
pagation  or  they  occur  at  deep  depths  intermediate  between  highly  contoured 
slopes  and  seamounts.  For  the  latter,  the  contours  of  bathymetric  charts 
drafted  on  the  basis  of  a  few  track  lines  in  the  area  cannot  be  considered 
to  provide  reliable  estimates  of  the  bottom  features  that  will  be  effective 
as  acoustical  reflectors.  It  must  be  expected  that  a  major  number  of 
applications  of  the  ray  tracing  program  as  a  predictive  model  will  have  no 
better  bottom  data  than  that  available  from  the  present  bathymetric  charts, 
but  it  must  also  be  expected  that  with  time,  or  as  a  result  of  special  inten¬ 
sive  experiments,  more  precise  knowledge  of  many  bottom  regions  will  be 
accumulated.  Such  data  should  be  not  only  bathymetric  but  geomorphic, 
including  bottom  composition  and  structure,  properties  of  subbottom  planes, 
and  other  data  that  can  be  utilized  to  refine  the  predictive  model. 

At  present,  it  is  strongly  recommended  that  the  bottom  profiles  that 
are  generated  for  a  program  be  drawn  from  inspection  of  the  original  collec¬ 
tion  sheets  (Chapter  VI-4.  1).  At  the  very  least,  such  inspection  will 
indicate  the  reliability  that  can  be  placed  on  the  treatment  of  the  bottom- 
reflected  energy  -  it  may  also  indicate  regions  with  smooth  slopes,  or 
bearings  that  intersect  smooth  slopes  which  will  be  favorable  as  acoustic 
reflectors . 
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In  using  the  present  ray  trace  program  ;  t  Hudson  Laboratories  the 
bottom  profile  is  constructed  by  calculating  and  plotting  the  great  circle 
patn  across  the  bathymetric  chart,  and  recording  the  100- fathom  isobaths 
and  positions  of  slope  changes  with  an  accuracy  of  at  least  0.  1  mile  with 
respect  to  the  source  or  receiver.  As  required,  either  as  a  matter  of 
judgment  or  if  additional  data  are  available,  entries  on  a  finer  scale  may 
be  added  to  represent  changing  slopes  or  curved  features. 
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PROGRAMMING 

This  chapter  contains  the  source  listings  of  19  major  programs  in 
the  ray  trace  data  flow  system.  These  are  numbered  in  Fig.  59  in  the  order 
of  their  presentation.  The  programs  have  been  grouped  by  general  function 
into  three  sections:  1)  data  input  programs,  2)  ray  trace  and  documentation 
programs,  and  3)  ray  trace  analysis  programs.  These  listings  should 
provide  the  reader  with  a  greater  insight  into  the  technical  programming 
aspects  of  the  ray  trace  program. 

The  Hudson  Laboratories  number  of  each  program  (Fig.  59)  designates 
by  the  second  letter  the  language  in  which  it  is  written:  F  for  FORTRAN- II, 

F  IV  for  FORTRAN-IV,  G  for  GAP,  and  U  for  Klerer-May  USER  language. 
Most  of  the  programs  arc  written  in  USER  language,  which  is  sel f- documenting 
without  supplementary  flow  charts.  The  USER  reference  manual,  Table 
7.1,  is  included  in  this  chapter  to  give  the  reader  the  proper  interpretation 
of  statements  used  in  the  programs.  It  should  be  noted  that  superscripts 
that  are  red  in  the  original  source  listings  form  new  characters  and  are 
not  to  be  interpreted  as  exponents;  in  this  report  these  appear  as  black 
characters,  and  the  reader  must  alert  himself  to  distinguish  the  superscripts 
used  as  exponents  from  those  added  merely  to  form  a  new  variable. 

The  following  program  source  listings  constitute  the  balance  of  this 

chapter 

DATA  INPUT  PROGRAMS 

1.  A-173-F1  Velocity  Data  Search  Program. 

2.  A-177-F1  Velocity  Profile  Punch  Program. 

3.  A-192-F1  Read  FNWF  Cards. 

4.  A-186-U1  Velocity  Calculations  by  Wilson' s  Equation. 

5.  A-198-U1  Velocity  Profile  Data  Selection  Program. 

6.  A-147-U1  Velocity  Profile  Interpolation  Program. 

7.  A-197-U1  Comparison  of  Velocity  Profiles. 

RAY  TRACE  AND  DOCUMENTATION  PROGRAMS 

8.  A-180-U1  Velocity  and  Bottom  Data  Input  Program. 

9.  A-181-U1  Extrapolation  and  Interpolation  of  Velocity  Profiles. 
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10.  A-199-U1  Profile  Plot  Program. 

11.  A-1S2-U1  Ray  Trace  Program. 


RAY  TRACE  ANALYSIS  PROGRAMS 


1  2. 

1 37- U! 

p„a  V  Hi  atr  ihnti  on  Prnaram  -  Pass 

13. 

A-  183-U1 

Ray  Depth  Distribution  Program  -  Pass 

14. 

A-  1  95- U  1 

Type  III  Intensity  Program  -  Pass  1. 

15. 

A-  185-U1 

Type  III  Intensity  Calculation  -  Pass  3. 

16. 

A-  196-U1 

Multiplot  -  Pass  1. 

17. 

A-  189-U1 

Type  II  Intensity  Calculation  -  Pass  1. 

18. 

A-  184-U1 

Type  II  Intensity  Calculation  -  Pass  3. 

19- 

A-200-U1 

Type  II  Intensity  Plot  -  Pass  4. 

REFERENCE  MANUAL 
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PRINT  LABEL  LABEL  HEADING  PRINT  HEADING 

Kali  li  i j Irr I .  ,#r piirulrd  hv  lanimiSM,  in  ,t  I'RfN’l  l.ADKi  fttuloinenl  innv 
hr  u|i  in  | r,  (  hnmcier*  •»  Iriigtii  .mil  Hill  In-  ^milled  in  n  IP  potulioo 
fir  hi.  \  i.'ia  n»um  ,){  H  In  hi- 1  a  |iri  Ht.itrtiir.it  14  permitted  mill  shmilit 
«  iHHrtiu  onk  those  i  ii  4f  Hi- 1  er  h  UHril  mi  l!ir  Ingit  -speed  {sinter. 

I  he  IMUX  I  1  OHM  A  |  atuirinriit  mm  hr  nnrd  wbrn  it  in  desired  to  mix 
Iilemln  itiid  HtiNwern  *>i  to  have  nn.ce  ihun  B  atmwrrs  per  line. 

PRINT  FORMAT  n,  E,  F,  X  G. 

FORMAT  n  LLL...L  *«»*  LLL...L  *.xh  y. 

ii  m  so  integer  id  up  to  lout  plmen,  1.1  J.  stunds  for  wiy  lilrrmln  that  urr 
printable  i.n  llir  high-speed  peniler.  Small  *‘s  nre  lined  in  denote  the 
•  el us  I  ["'nl  I  urn  and  number  of  iligiln  of  fixed  point  quwitKim  while  one 
Miunll  >  ix  used  for  eruh  flouting  point  ifu  itn  1 1 1 ) .  I  he  first  net  of  \*n 
den,n#-»i  ihr  first  expression  r>pi<«t:on  vauiuble  nientionrd  in  the  I’HINT 
F  OHM  A  I  iiiilrmrnt,  the  nr i  mill  *ri  of  x’n  denotes  the  second  expres- 
Hi«in...rli.  F  OHM  AT  statement*  U|4)  be  lot  Hied  *nv  where  in  n  program- 

FkINT  FORMAT  12,  n,,  SIN  .  M"'  FROM  ,  I  TO  N. 

FORMAT  12  ANGLE  (RADIANS)  »  SIN  THITA  AND  THF. 

ANGLE  IS  ...  DEGREES. 


If  H,  \\h/  ;  then  the  following  would  he  printed  on  the  high  speed  printer: 

1  AN  Ml',  i  HAITIANS)  .ZVfc  WV>  1  S|.h  THF'TA  .7071  AND  THK 
AN(i|.K  IS  m  DMilU.KS." 

SLEW  N  (Frintar  ptipar  tpoceJ  N  * i n« v  1 

SLEW  [|T0lT0P]  (Papar  will  advont*  to  top  of  pag*) 

Vessagrn  nn  ihr  lypewrilrr  or  printer  urr  printed  lining  the  following  forms: 


TfPE  NEGATIVE  SQUARE  ROOT. 

PRINT  MESSAGE  (END  OF  PROGRAM)  AND  SLEW. 


IF  F  G  THEN  GO  TO  STATEMENT  \ 
IF  F  G  GO  TO  STATEMENT  I. 


IF  F  G  THEN  B  C.  E. 

IF  F  G  THEN  READ,  ..  . 
IF  F  G  THEN  CONTINUE. 


IF  F  -  G  THEN.  .  . 


E 

OTHERWISE^  )  COMPUTE  ...  L 


ELSE 


l-Ml  tlpleM  Itf  multiple  (  ollduionu- 

IF  /  5  OR  G  -  H  Oft  SIN  <lt  ■  fi'  THEN  ) 


IF  P  C  AND  H  •«  1  AND.  . 

IF  U  0  OR  (G  r  SIN  tl  AND  H  G„ ) . .  . 
IF  E  F  '.G  THEN  .  . . 


COMPUTE... 

READ  n  i 

C<  D 

GO  TO  FORMULA  3 
CONTINUE 


OTHER* 

WISE 


])  COMPUTE  A  -  B  .  2,  (IF  i  i  THEN  (IF  m-n  THEN  T  m  SIN  fi) 
OTHERWISE  T  rCOS  fl)  and  PRINT  T,  A. 

2)  COMPUTE  A  B  *  2,  (IF  '  |  THEN  (IF  m  n  THEN  T  - ,  SIN« 
OTHERWISE  T  »  COS  0)  ond  PRINT  T,  A. 


I  nv  ..I  Q»r  ne«i  fairmn  e  lim  inui<-s  ■  1 1  •  near  hmii»  >•(  u^.ui;  '  itO'  m  ‘‘I  i  K  )  I  ’ 
A’.niemrnt*.  (  ompul.ible  nut  slMiemrnm  Kiihnt  mi  uii|>|ii  d  j.  ,n> 
Kepuruioi]  in  u  imiiino  <u  \NI) 

FOR.  1(1)50  AND  k  0  BY  2  UNTU.  V  2000  READ  X.t . 

COMPUTE  Y  2X,  fc  AND  PRINT  Y. 

FROM,  1  TO  INFINITY  READ  X..  IF  X  /  10  COMPUTE  Y  Y-X.. 
n  n.  2  OTHERWISE  GO  TO  STATEMENT  1. 

Suprrm  upln  thnl  .ire  rr,f  ,are  uned  !■»  lor*i»  new  ih.Utiriern  r.ilb^'  l  Ii  .in  br¬ 
ing  interpreted  ue  exponent*. .  Ihe  fi.llnwuig  is  a  nhurt  prnui.iin  in  dr-iri- 
<ii in e  the  niH.imuin  nlmolele  vnlue  ia(  .i  «ei  ,»f  pnsiiixr  nun, In,**  \ 

FROM  ,  -  1  70  100  IF  X,  x“*'*ThEN  X“,,r  X,  . 

In  the  following  iiidgnelir  trtpi-  rominiirjn  I  is  the  inimtn’r  <i|  i-lt-mmis  hi 
the  nrrA)  S.  T  u»  the  tnpe  number  and  I*  in  the  innirnllrr  (plug)  nuinbrr 

READ  TAPE  Vc,  T.  P,  L.  Ihr  fiml  l.  I* lenient «  Ilf  (hr  t.ipe  fe<  ord  is 
retfcf  into  Im  .iltonn  \B  t<i  V  ^ -|  • 

WRITE  TAPE  V? ,  T,  P,  5.  (l.iMiiiions  Cj  mi-  written  mi  lupet 
REWIND  T,  P.  RWD  T,  P. 

WRITE  END  OF  FILE  T.P.  EOF  T,P. 

IF  END  OF  FILE  P  THEN.. .  IF  EOF  P  GO  TO  . . , 

In  the  following  nonuple  \  m  ih?  v.inoblr  in  br  iilniied,  \  is  ihe  "imlr- 
pendenl  index’’  (i.e.  S  ||\),  \>*llir  niuilinum  .  i*!'K’ «*f  T  mid  H  ihr 
muximum  vuiur  of  ) , 

PLOT  Y,  X.  A,  B,  PLOT  l,,  ,,  0,  1  FR  JM  .  -  I  TO  565«. 


txA^yus 

W.*C>  Aj,  CO^U'tt  V-  ■  fay  ■■  AMU  riot  Y,  !,  -1.  \  r&OM  1*1 
UNY|L  r>i. 

ir  o>k  co^uti  xas^yT oTTiT*  ,  y-b^k+CqI  ANO  phint  y, 
a,  T,  k,  OTMCi^'Sf  tO^UTr  x-?ok ,  y.Bj  fKIK!  Y, 

a,  T,  k  TRCei  o-i  Hi  n  wlTiim  t.?  hy  ,oi  jMYii  )  a  NO  l  (.a 
u-o(biyo. 


l-l  0  \0  Aig.*  .1-1  TO  10  «IAP  A  y 

C»*MTt  Bi  j"*!  J*:,,+YJ  PUINT  Ajj,  B;jl  %x  ,  Tj,  l,  J. 


ro*«  P-1,  ?,  ....  In  Aro  TOR  01  )r  COWuTf  S  -eSiW2#, 

/ - r 

CP»  \y  r  COl"1#  ,  A-lr  -  2  TAN( ,  lir*i), 

•-T 


Tt 


A>-D  PS  IN!  r,  9,  v  A. 


If  i»Y  ANO  »0)  O «  l  h9-v/«  I  >  <X-Y)s  THCN  CtWJU 
Txy*^r(«-$)2  AtC  '*(’rTxV)'y'1  AMO  PH  INI  w,  f>v,  X,  y  FROM 
by  .OIt  UNTIL  W >^600  A>C  ntcw  g-)  '0  10C. 
OTWCffWISC  00  <0  STATfMtNT  S. 


Te  d»f In*  •  procadur*  within  a  program: 


(SI'HHOIITINK) 
'  “tPHOCKDCRK  \ 


(Name), 


. HKTliH.N  . 

HKIUHN  ....  IKNDKN . «  [^Sk]  1 

(be  name  of  a  submuhnr  i  .in  lie  m>  rtlphu.iumen (  firing  of  ;ii,s  length 
bui  must  begin  with  -in  alphahc tu  churaitcr  rti.d  i.inuot  hr  dcniicul  t" 
unx  it rm  in  ihe  mu  jbul.m  lint.  As  mans  MKl  l'RN's  desired  inuv  be 
inserted  tn  brunch  out  «f  l Vi t;  subroutine  buck  to  the  mum  |irn^riiiii.  Die 
END  stulernent  ip  uptiunul.  A  S  l’OI*  :»t  (’,0  IT)  shnuld  jirci  edi-  sob- 
routines. 

T o  call  a  pr*««dur*-. 

...  (.Aid  IN amr ) 


Sl‘HH0l'Tl\lO 
.PROCLm'HL  J 


In  •  iisr  1  I  r  sin  R  if  i  *■  j  unj  ,n  - n 
1  •  r  cos  (i  when  i  i  j 
I  ■  s  not  com  puled  when  i  -  j  und  m  4  n. 

In  (  ase  2  T  «■  r  sin  fl  whe.i  i  -  j  dml  m  n 
r  cos  when  i  -  |  uml  m/n 
T  i»  ii •>!  computeif  when  i^j. 

GO  -  G01T0I 

GO  TO  STATEMENT  20 

I’AUNf.  Kill  i  oil  hi  Ihe  aib|r<l  p'-ngrani  In  go  ini”  n  loop.  F.xil  out  <d 
llit  loop  will  tn  r  ur  if  i  i m sole  swtlth  No.  d  im  toggled. 

I  -mu  n  iv  nl  s  limn -i  ■>fiipiil,|ti|f‘  sl.iieinrntn)  lire  entered  lielwr  ■,  I  |  simlmL. 

FROM,  1  TO  10  READ  X.IREAD  VALUES!. 

y i i.i i  ..  1 2 1-  -236 

Table  7.  1  (contd) 


Raletlv*  Posltiftni  of  Spoclol  Choroctora 


\lal  Nr  ft  rence  i  Tot  ion1 

M.  KIT  HI. H  ond  .1  MW  .  HF'.F'  KHKN(.F.  M\M  \l 

('.oluinh.il  1  l.iversitv,  Hudson  i  .nlinnil-u .fs 
Dobbs  fern.  Nrw  )  .*rk 
Revised  \  diimn  luh  .  !%"> 

/An  li  rrk  hti\  hfi  u  supf'iu {rd  )t\  ihr  (iffirr  «»f  biriif  HfMinrh  mill 
ihr  In  iitnmi  He  wun  h  f’r  i/eclt  Igewes  undrt  f.a/i///jr-r  .Timr-.Vifj/R/  ' 


1 )  A-173-F1  Velocity  Data  Search  Program: 

Searches  NODC  master  file  tape  for  velocity  data  along  ray  path. 
Sample  printouts:  Figs.  18,  23,  and  24  in  Chapter  II. 
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P*(iE 


CALI  OB  r  OS  A  ,  liSn  .  nr  A  .  uf  n  ,  sm  .  so  ,  n  i  ST  .  rnB  1 


call  Inc  trHP,r)SA.riSo.[iiN.oxA,nxfi,iXA»iXAH 


f’PlNT  ANSWEMS  TO  INCHPMPNT  r*>  CUiaT  )  QMS 


HBHiilll 


XOP, xos J 


PoINT  JIG.  pi  m2, I  V A? . r XAHP. X AS2, 1 X02 . ? XPrtg. XoS2,rBR 


I  X  A  2  *  1 XA 


M?»XAHSr ; i xahi 


fOIMMVSm 


l  XU2* I xn 


I  X0M2*XAHSf 


X  KS2«ARSF  [XOS 


If  M  X  A  1  32' 


I  XAN?« 1 XAM 


I  ft  I  v 01322,323,322 

'  ixUM?*ixnM 


COOT  1  NUf 


ns ap  f  1 1  nnx  a _ _ _ _ _  _ _ 

nsoRt  i  i  «i'<o _ _  _ _ ” _ _ _ _ _ _ 

CHH»SBi. _ _ ' _ 2 _ ! _ _ _ _ 

call  imi:  tcRR.ns* » j  s i,i) in,  dx a , nxo . T X A >  I  X A M .~X AS .  ] XO ,  1  XOI , y os i 

C*LL  m>mq  !  i**»  !.*qJ _ _ _ 

IlSAL  t  M  *11*  A 


*0*0 


DFAR f 1 1 «  D  *  A 

“OR  1 1 1 «n*o 


CALL  MAHO 


oSO«nxp 


m«  t  t  t  k]  -I'M.oooo .  ]  n  on . 


IT  [riowuil-ll  1110,1106.1110 


1  c 

PROGRAM  TEmlN*T!nl< 

V 

SPH  TvPp,i 

V 

SCI  5,fcAO  OF  PROGRAM 

v 

OCT  2 0  0 0 0  00 
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2)  A-177-F1  Velocity  Profile  Punch  Program  (3  pp.): 

Punches  velocity  cards  from  NODC  data  tapes  calling  subroutine 
A-179-VF1  (1  p.  ).  No  sample  printouts  shown,  but  see  flow  chart 
in  Chapter  II,  Fig.  22. 
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c  Hf„n  ,4[)DC  Ll«T  T  A  He  H|>  I  *  |  I  G  ■(  A 


'  *  -  1?  /  -r  1  J 


PA&fc 


"i  i  "e  '  i  i  0"|  i  A  I  *t  |'|  U  1  i  !  Ui:  l  1  0  *  n  1  <  1  U  1  (  1  U  )  i  H  X  !•  I  *5U  I  ,  MU  f  (  “5U  I  I  Hll.  U  [  5  U  J 

l!  I'-'b'-S  I  0 ,v»  1  H[  mo  I 
C  SpT  IIP  PH<J'<HaM 

m  i  'N  y  t  i  3  4 1  g  ? 

•1 1  <14*  199  7th 
M A  t 10  «  0 
M  I  IV 1  c  *9999949 

Cl  A  A  =  ( 

n  j  l  .*  i  * l .  i  o  o 
n  i  a  i  n  so 

D)  2(  P s  i «  p  o 

HEAD  loo  .'ll  0  f  I'l  I  ,  ml  A  1  M  1  .Ml.u  (  PI  ,  M  net  N,  Jl  ,  )»1  ,H  ) 

M  A  X  =  i  A  x  ♦  1 

[I-  ( '  10  (  I'l  J  •  M  |  NM  ]  ?1  ,  J9  ,  PJ 

?1  If  l" [MlO'PlO  |H)  HI  .41. H 
4  0  Ml  -Uuscio  IK  ] 

41  if  tiAxlO'KlC  t"l)  H  ?  ,  P  0 . 2  9 
4  2  M  4  *  H> s  P 1 0  l  p  ) 

2  0  CUNT  I  I'll.fc 

c. 

19  u  I  44  ] = 1 , 99999  * 9 

CAUL  «K-n  [  u  .  1  ,  ?.  7  ,  I  OF  ) 

IP  I  I  4(61 -P  1M10 ]  ??, 44. 40 

V  22a  LD2 

V  PC'S 

V  PPL 

V  pHU  4  4  A 

pp  INI  1 02*  t A| 6)  ,  m  I  K- 1 0  » li  A  V 1  0 

44  C  J  N  T  J  I'l  1 1  £ 

C 

c  HP  All  TAPE  riACPL'AKD'i 

V  48a  CTN  2 

V  PPU  *-l 

V  SEL  2 

V  8RU  1,  !A,0 

V  CTN  2 

V  PPU  «-l 

C 

C  TEST  10  DEURpfc  SO. 

6  CALL  HF  E  l)  I  IA,  1,2, 4  00  .  I  OF  J 

45  DU  3  I  s 1 . 3 A  1 , 4 0 
DO  3  4*1, MAX 

4  I  *5 

If  I  I  A (J  )  -MAX10  J  46, 46  .  47 

46  IP  H10[NI-!A(J))3,2,3 
C  TEST  1  DEGREE-  SDUAHPS 

2  J  s  2  M 

V  STX  ST2.2 

V  LDX  J.2 

V  L I)  A  It  ,2 

V  SLA  13 

V  SHA  13 

V  STA  Ml 

V  LDX  ST2.2 

IP  l  m  1 . m L  A  I  ij ]  ]  3 ,  5 , 3 
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fir*  Hi'  fiULft  v  *  »  A  •-  w  nu  •••  i  n  i  •*.  vj  -i  m  •  |  »'if  /  *m 


5 

J»2»  J *4 

V 

S  T  X 

372.2 

V 

LDX 

J.2 

V 

LDA 

U.2 

V 

SLA 

13 

V 

SR  A 

1J 

V 

sta 

Ml 

V 

LDX 

ST2.2 

If  (  M 1  •  M  L  U  (  N  )  ]  3 «  9  •  .1 
C  TpSf  I  DKNT  IHr  AT  1  ON  NO  i 

'}  continue 

K  *  1 

00  il  M«?4,26 
l*  l  *M 

DO  11  J«1.3 
K«K*i 

CALL  CHAP  [  I  A  (U  ,  J.  IDT  (K  I  I 
11  CONTINUE 

DO  JO  J* 2 1  8 
IT  1 1  DC  t  N • J 1 1 31 1 30 i 31 
31  If  I  IDT [J]- I  DC  IN, J  1)3. JO.  i 

30  CONTINUE 

1*0 

I N 0 »  T *27 
DO  50  Jb 1 < 1 ND 
DO  50  K  « 1 1  3 
L»L*1 

call  7wah  t  U(  J)  #K,  IHIL  J  1 


50 

C  JNT  I  'MIE 

C 

MIN*m  INN 

Id  t ♦) »M J  NW 

IT 

1 IH1811-1I60.61.60 

61 

Id  l  4  )  *H  I  NT 

60 

IT 

UBI821-1J62.63.62 

63 

Ml  N 

•  mint 

62 

CUNT  I NUE 

V 

LDA 

I B  *142 

V 

SLA 

12 

V 

STA 

IB-142 

V 

LDA 

IB-16 

V 

SLA 

12 

V 

sta 

18*16 

V 

LDA 

I  B  *28 

V 

SLA 

1? 

V 

STA 

10*28 

V 

LDA 

19*62 

V 

SLA 

12 

V 

STA 

I  B  *62 

c 

IT 

1  lRt8Q)-3j52,n,3 

52  PUl  ut  103»IB[16J,IEIl7],lb[ie],!B(6J,IBIl2MI8tJ).J«4i9), 
*  MIN.  UBIJJ ,  J'iO.lM  .  I  8  [  21 )  # 

*IB(22J,  IB(19J,IBI2M.  UfilK  J.K»72,79I 

GO  TO  3 
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'ir  *  u  **  ~ 


>  A  Y  .  t  i  D  L  Li  r\  m  t  ki  t  t  ria  1 


IF  M&M7]-6j53,33i  J 

gu  jui  4  a  a  .  ;  I  o  { j  ; ,  j  *  2  9  3  ? )  i  ! ! 0  C  l!.■•,*47•^0t»IRtl6)^IBtl7)^IBllB)^ 
2  Idl  6)  \  If)  1 12  1  »  t  IB  t ,  J‘7?»  79] 


PUNCH  i04#IIBIJ],J*28.321<[lHllJ).'JI^7ii'l)i»lBll6)»I9tl7)»IBllB)» 
2  IU[6] , JB  112). ( IP! J) . J«72»  7V]  ■ 

CONTINUE 
00  TC  6 
REWIND  7 


FORMATS 

100 

102 

103 


104 

107 

v  st2  ess 


FORMAT  (4X,A3. 211. 32X. *1,711! 

FORMaT  r  1 H 1  ?  59HN0DC  VELOCITY  DaTa  TAPE  PRUGRAM  *  «,D.  *ININGHAM  ( A 
2-177»Fi IZ/iOH^aRSDFR  SQ,  2X,  BHLATiTuDP,  2*.  9HL0NQ I TU^E »  2X» 

32HM0,2X,2HyR.3x#l^Min£NTlFlCATi0N./12X#3HUfcG#l)<,3RMIN|4X,3HDEG» 

41X,3hMJN,23X,5ii<4x4a1*2i1*1Xj2i1<1H|>A1,2X>a1i3I1»1Xi*J1#1H((A1| 

52x<JM1»4x»A1»7Ii//  5*.5HOEPTH,eX,eHVeLOClTY,6MOHMARSDEN  S0* 

6  1JX.2HID) 

FORMAT  (SX,4!l,lH,,A1.9X,lHl,3ll»lRi»Jl*iux*5l1»9x»Al*/>1) 

FORMAT  1  A  3 ] 

1 

END 
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SUBPOUT | Nfc  CH*»  (fTj.K) 

pin — -  — 


L132r 


V - STD - 6 - 

“  V™ TI — STS - P - 

~ TZ7 L"D?  sTzn-’ ■ 

K'alK 


3)  A-  1  92-  FI  Read  FNWF  Cards: 

Reads  depth  vs.  temperature  cards  punched  by  the  Fleet  Numerical 
Weather  .Facility.  These  cards  are  then  re-formated  and  written  on 
tape  for  A-186-UT.  No  sample  printouts  shown. 
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-r»2-fn  ft  ,"  0.  H  [  N  t  N 0 h * li 


PAG6 


4)  A-I86-U1  Velocity  Calculations  by  Wilson's  Equation: 

Reads  depth  vs.  temperature  and  salinity  data  and  computes  velocity 
with  Wilson's  Equation.  No  sample  printouts  shown. 
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POINT  MTSSACr  VFLOCITY  CALCULATIONS  BY  WILSONS  CGUAT  IONS  -  PROGRAMVCR  R  0  M| N INGHAM 


STATfNTNT  2.  TYP£  CNO  0 T  PROGRAM.  FINISH 


5)  A-198-U1  Velocity  Profile  Data  Selection  Program; 

Reduces  to  a  minimum  the  number  of  points  needed  to  define  a  velocity 
profile  while  meeting  a  specified  curve  fitting  tolerance. 
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01  MENS I  ON  X- 300, V- 300, 2-300, CM 300. 

UPPER  C-2000,V-2000. 

(NO  *,1.  READ  L.T.P,  K-0. 

READ  TAPE  Aj.A.l,*. 

STATEMENT  1.  SLEW  TOP.  K-K-U.  PRINT  MSSACE  VELOCITY  PROFILE  DATA  SELECTION  PROGRAM  (A-19P-U1)  R  D  MININGHAM. 

print  format  i.l.k.  toiraat  i  profile  nu«er  xxxxx  xxxxxx.  slew  2.  ir  p-i  then  punch  l  fj  ,x  tl  . 

PRINT  LABEL  DEPTH  (M), VELOCITY  (A/S) .MARSOEN  SO, 10. 

FROM  >1  10  INFINITY  READ  TAPE  Aj,A,l,»  AND  (IF  COF  1  THEN  00  TO  STATE  AC  NT  99)  ANO  (IF  Aj-1  ANO  A^l  THEN  GO  TO  ST ATEACNT  2 )  AM) 
Oj-Aj  AM)  Vj-A2  AM)  AMj. 

STATEMENT  2. 

1*10.  C-0.  1*0. 

r«OM  >1  TO  M  am'Tl  (ir  Oj-C  THCN  1*141  tj-Dj  ANO  V1«Vj  ANO  C-C4I )  ANO  (IF  C-lOO  THtN  l-?5)  AM5 
Or  C-300  THEN  1-50)  AM)  (  IF  C-  1000  THEN  1-100). 

N-l.  IF  0,y  1^  THEN  N-rnl  AM)  X^-C^  VfTVM' 

STATEACNT  5. 

FROM  1-1  TO  N  call  SUBROUTINE  20. 

MV-0.  X-0. 

FROM  >1  TO  M  COMPUTE  »0-0j  ANO  CALL  SUBROUTINE  INT  AM)  0V^  VQ-Vj  ANO 
(IF  CV>T  7HEN  (ir  oSm'*  THEN  MV-0V  AM)  xS-Oj  AM)  VS.Vj  ANO  X-l)). 

IF  X-0  THEN  00  TO  STATEMENT  6. 

STATEMENT  3. 

FROM  1-1  TO  M  COMPUTE  (IF  xSSx.  THEN  (FPtM  t.N  BY  -1  TO  Kt  COMPUTE  x.  ,  -X.  AM)  V  -V  ANC  2  ,-2.  AM)  D...-0.)  AM) 

X,-X5  AM)  vry»  AM)  MR1  AM)  or  TO  STATEMENT  }). 

STATEMENT  6. 

FROM  1.1  TO  N  PRINT  X,  b.D  .V,  ,A,  H  ,Ak  U  AM)  (IF  P-l  THEN  PUNCH  I,  t.S  ,V,  (A.a  ,Aj  «  .A,,  H  ). 

IF  P-1  THEN  PUNCH  Ajfe.fl  .Ajfk.S}  .AjH  ,  t>}  .  PRINT  A,  fc.J  ,A?  ,A  3«  «  . 

GO  TO  STATEACNT  1.  STATEMENT  99.  TYPE  EM)  OF  PROGRAM.  STOP. 


SUBROUTINE  2D. 

I 

X-0.  IF  1-1  TMCN  1.2  ANO  X-l. 

IF  t-N  TMCN  7N-7M-1'KV-1  (*N-*N-l)  **©  °ir°N-l  ***«*• 


IF  X-l  THEN  71-7l40.«*1-*p)  A>C  Dj-Oj  1-1.  PfTlPN. 


<vi-y<«i.i-»i>-<vi-i-vi  ><«•■♦)-».> 


‘i.ri"*i.r‘i''‘uri.i' 


6)  A-147-U1  Velocity  Profile  Interpolation  Program: 

Plots  velocity  data  cards  in  a  standard  format.  Sample  printout: 
Chapter  I,  Fig.  5. 
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STATEMENT  2 


M  vP1» 


<D0-Dn><Do-0^) 

V"  "  Vi 


+  '~<Dn^n}(tW0r*l>  V"+2‘ 


(“oVX^5 


<00-°n>(VW 


( D_-D  )(0^-D  ,) 

'  O  nM  O  n+l 


^  1  4ipj3  ^  rrrx  u  m-j  u  n  u  n+.j  '  u  -rr'  u  n+l ' 

M  V  “  '^-‘W'VW  *"  +  I’WA^'W-'W  Vl  +  ‘TfW6^W5^T^  V"*3 


,  ,  <Vl-V<°0-°n> 

64  v  -  r* — 35-1 -  + 

'wrHl^V 

<W-vn)(o0-on) 

*4  V8 - rD--Jd~] - 

'Dn+S^V 


+  V 


c  <W-v,*i><Do-°,»i> 

M  * - <W» 


4  V, 


n+1 


IF  V*-VB  AND  VB-VC  THEN  VR-V*  ANO  GO  TO  STATEMENT  100. 


W  VR  -  .5  (V*  •*• 


(/-vB)pvc  +  (VA-VC)2VB 
(V*-^)2  ♦  <VA-VC)2 


STATE  KCNT  100. 


IF  VR.VP1  AND  yP1»VP2  THEN  VQ«VR  AND  GO  TO  STATEMENT  1. 


|  VR-VP1|  VP2  +  |  VR-VP2|  VP1 

w  V^1WTT^ 

00  TO  ST  ATE  >C  NT  1. 
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'‘VW!liO-Un.x'  ’V'’...' 

’  ‘  Vl  ‘  '7^I7-\.rrr^.:-,vT;1  ,- 

A  'W.v^XVW  •  vrrtl  . 

v  * 

„  lvntl-v„ll00-°n»l>  .  , 


-  +  V  ♦'* 


4  T  rv+1  rv»  5  rw? 


r  V*«VH  AM5  V°-Vf  THEN  VR-V*  AMT  OO  TO  SUTfMENT  »Ol. 


q  .  (vA.v°)?vc  ♦  (vA-vc)?vp  , 

19  vR  .  .«i  (V  *  —r — b“5 - « — ?“5 —  *■ 

(w*wVBj?  +  (vA-vcr 

STATEMENT  101, 

ir  VH.VPl  AND  VP1-VP?  TH(N  Vn-VR  AMD  00  TO  STATEMENT  1. 


W  VQ 


|  vH-vPlj  vp?  4  |vR.vPflvP1 

i  v^-v^’i  TTv6-?^ 


00  TO  5TATOCNT  1, 


p,  IBo-<W,VtW 

a(*  v  ’ 


‘“O-WOO-0-..!1 


<°0-°«.£.HD0-On) 


«W3><W 


lJn43-0n«’'l'-»A3-“n' 


'W'W'W'V 


A  M]  i**,' 


{3(4  V*  . 


.  <\h1-V.»3)<°0-<W 

M  v"  -  - 16  ...ft  ...1 -  *  v«3  ■ 


I  vi»rv  r»J  X  DQ-°n»j ) 


ir  v*.yB  a no  vB.vc  then  vr.v*  aw>  oo  to  stateicnt  102. 


.  ,  (v‘.v°)V-  *  <v*-yc)2vB 

M  *  •  .5  (v*  +  —7 — 5-3 - 3TTT5 —  >  • 

w  (vA-v0)2  ♦  (vA-vc) 

STATE*NT  102, 

\f  vR-VPl  AND  VP1.VP2  THCN  VQ-VR  Atf>  00  »T^  STATEMENT  1, 


|  yR.vpll  vP2  +  I  v^-v^ 

|  vR-yP1|  .  |  vR-yP2l 


00  TO  STATE* NT  1. 

STATCKCNT  12.  TTPE  (END  Of  PROGRAM).  EOf  1,?.  RV©  1,2.  ril 


5| 


7)  A-197-U1  Comparison  of  Velocity  Profiles: 

Calculates  differences  between  velocity  profiles  with  reference  to  one 
profile.  A  plot  of  the  velocity  differences  of  a  set  of  profiles  is 
shown  in  Chapter  I,  Fig.  6. 
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8)  A-180-U1  Velocity  and  Bottom  Data  Input  Program: 

Reads  data  input  package,  checks  for  errors,  and  writes  data 
on  tape.  No  sample  printouts  shown. 
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STATEMNT  •>.  MbR.9t_|.  RR-R(,  fr-O,.  H,-R,_,+l-  B , -B ,  _  j  .  1-1*1'-  A)3-l.  *,,-0-  STATEMENT  25-  WO  ITE  TAPE  Aq, 2,2,1a. 

If  ^  1  THEN  Z-l  AMO  PRINT  KSSAOC  ERROR—  I  IRST  PROF  lit  MUST  B£  DEEP, 
l-l-l.  MOM  >0  TO  I  UMHJTE  C0-Rj  AM)  Cj-«j  ANO  WRI  It  TAPE  C0,2,2,2. 

At  AO  pr",l“ . 

STATE  M*NT  ?•  N-NfJ. 

rw-  M-->  m  A  ErtRHITE  «  „1RF).  »  «AAO. 

‘  *  “R  -  O  - 

Stew  TOR.  PRINT  HTSSAOC  VCtOCITY  AM)  BOTTOM  DATA  INPUT  PROGRAM  {A-lOO-Ol).  SLEW  1. 

PRINT  FORMAT  I.Aj.A^.A^  .*0.Aj.  If  Ag-1  THEN  PRINT  FORMAT  2.*,2'  If  ‘.j-0  THEN  PRINT  FORMAT  3,A1?. 

If  A^O  ANO  A^/l  THEN  Z-l  AM)  PRINT  ACSSAGE  ERROR—  HCICATION  TOR  CARTHS  CURVATURE  CORRECTION-  O-YES  1-NO. 

IT  R-l  THEN  PRINT  FORMAT  A,N,RR.  IT  ►O  PRINT  FORMAT  5.N.R. 

If  Afc  ANO  (^1  THEN  z-1  ANO  PRINT  MESSAGE  ERROR—  INDICATION  COR  TYPE  Of  PROriLE-  O-SHALLOW  1-OCEP. 

Stfw  2- 

FORMAT  A  PROFILE  NUMBER  XXAXA  RANGE  UXXA.XAAM  DEEP  PROriLE. 

FORMAT  3  PROriLE  MMBER  +***+  RANGE  uui-uW  SHALLOW  PROFILE. 

PRINT  LABEL  DEPTH  (M),  VELOCITY  (M-S).MARSDEN  SO.  ID. 

RE  AO  00,V0,M*R,lD.  IE  OqI*)  THEN  2-1  ANO  PRINT  MESSAGE  ERROR—  PROriLE  DOES  HOT  STARI  AT  ZCKO  DEPTH. 

PRINT  D0fc.ll  ,V0|l.i  ,M*R  -Bl  .  1°  fet  .  If  It00<v0<l600  CONT  I  NUt  OTHERW ISE ,  Z-l  ANO  PRINT  MESSAGE  ERROR--  VELOCITY  BEYOND  PHYSICAL  LIMITS. 


1-0.  00  STATEICNT  6  FROM  J-5  BY  2  TO  INFINITY.  1.1+1, 

HEAD  0|.V|y.lD. 

STATEMENT  51. 

ir  0,40,^  1HE N  00  TO  STATOCNT  52. 

RR5«0,.  r%.V,.  IF  RR57l  ANO  I <3  THEN  00  TO  STATEMENT  52- 

IF  R "j/l  COMPUTC  (FROM  K-l  TO  A  COMPUTE  RVRVl  ANO  rRK-FHK+1 ) . 

IF  1.3  COMPUTE  l'-l  AM)  RR0-RR2-1  ANO  CALL  SUBROUTINE  FOUR  ANO  CALL  SUBROUTINE  ALPHA!  . 

IE  l<3  THCN  00  TO  STATEMENT  52- 

IE  RR5-1  COM>UTE  R"0-RRj+l  ANO  CALL  SUBROUT  I  Ml  FOUR  ANO  CALL  SUBROUT  1 1C  ALPH12  ANO  GO  TO  STATEACNT  52, 

RR0-RRa+l.  CALL  SUBROUTINE  FOUR.  CALL  SUBHOUTIM  ALPHA?. 

RR0-RR3-1.  CALL  SUBROUTIIC  FOUR.  CALL  SUBROUTINE  ALPHA). 

00  TO  STATEMENT  52. 


SUBROUTINE  ALPHA1 . 

ak.rr0-«r3.  AY-rR0-rR3.  ir  1-3  mo  i'-i  compute  ax-rr0-rr?  ak)  AY.rR0-rR;> 

SUBROUTINE  ALPMA2. 

BX-RR0-RBj.  BY.FR0-FRS.  IF  RR5-1  COMPUTE  B*-RR0-RR3  ANO  D,.rR0-FH3. 
T.((aV+aV)/(A8)).  IF  T<-1  COMPUTE  T— 1.  ffl3-ARCCOS  T.  aj-OeO/vJOj. 
°0-a,+a2+a3.  a.-a,. 


•NO  l'-0.  RETURN. 


A- (A 


XZ+AY?)1/,R.  B-(Bxif+B 


Y2,„Y2,l/2^ 
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IF 

D  j  <1000 

THE  N 

(IF 

a0<kko 

THEN 

00 

TO 

statcmnt 

53 

oticrwise 

retlrn) 

IF 

0j<150o 

THEN 

(IF 

a0<500 

THEN 

00 

TO 

state*:  NT 

53 

OTHERWISE 

RETUWl) 

IF 

D(<2000 

THEN 

(IF 

Oj<530 

THEN 

00 

TO 

STATE  *:N1 

S3 

or  T IJDW  \ 

IF 

0,  >2000 

THEN 

(IF 

a0C537 

TWCN 

00 

TO 

statement 

53 

othtrwise 

RE  TURN ) 

STATEFCNT  53.  PRINT  KSSaOE  CRROR--  SHARP  GRADIENT  CAUSED  BY  0 AC  POINT. 
Z-l. 

RETURN. 


SUBROUT IIC  TOUR. 

k 


TTf 


1-1  A- 


(rSo-rR.i> 

(RRd-RR,1>  ))  _  RrTURN 

<RW 

<RW 

J-1  J-i+1 


STATEMENT  52-  IE  V,-l  PHO  O.-l  THEN  SLEW  2.  PRINT  0,  fc.l)  ,V,  pl.d,M*H  fct,ln  f3t  . 

IF  V  j  -1  ANO  0(-l  THEN  00  TO  STTEMCNT  8. 

IF  0 , <0, THEN  2*1  AND  PRINT  MESSAGE  ERROR--  DEPTH  ORDER. 

If  0^0^  THEN  2*1  AND  PRINT  ACSSAOE  ERROR--  SAME  DEPTH. 

If  MABS^AWTHEN  2*1  AND  PRINT  PCSSAGC  ERROR—  MARSOEN  SQUARE  NOT  CORRECT. 

If  I08/  1°  THEN  2-1  AND  PRINT  FCSSAGE  ERROR—  IDENT I  f  ICAT  ION  NOT  CORRECT. 

IF  Vj>l600  THEN  2/1  AND  PRINT  MESSAGE  ERROR—  VELOCITY  QREATER  THAN  *600. 

If  V,<lllOO  THEN  2*1  AND  PRINT  PCSSAGC  ERROR—  VELOCITY  LESS  THAN  1LOO. 

BJ-°C  BJ+1*V 

STATEMENT  6- 
STATEMENT  8. 

IF  I <3  THEN  2-1  AND  PRINT  fCSSAGE  ERROR—  3  OR  MORE  RWIlE  POINTS  ARE  ICEDCD. 

MPR-Rp.  B0*l.  Dj-B.  e2-l852RP.  Bj-Op.  B^-Vg.  K-21.  STATO-CNT  30.  WRITE  TAPE  Bg.2,2,3.  STATEMENT  31.  WRITE  TAPE  B3,S,2,K. 

RS-RP.  BET-0.  READ  RP.p.  If  RP-0  00  TO  STATEMENT  10  OTHERWISE  READ  MARS,|DS  AND 
(IT  RS>RP  THEN  Z-l  ANO  PRINT  MISSAGC  (ERROR—  RANOE  ORDER))  Aid  GO  TO  STATEMENT  ?. 


STATEMENT  10.  IT  BPV  1  THEN  Z*1  AND  PRINT  PESSAGE  ERROR—  LAST  PROFILE  MUST  BE  DCEP. 

If  N-l  Pfil/IT  MESSAGE  (ERROR—  PROGRAM  ICEOS  TWO  PROFILES)  AND  2-1. 

Bg-Bg+1852.  STATEMENT  111 .  WRITE  TAPE  B0,2,2,3.  STATEMENT  L2.  WRITE  TAPE  B3>2,2,K. 

SLEW  TOP.  IF  Z-l  PRINT  MESSAGE  (THERE  ARC  ERRORS  IN  THE  ABOVE  DATA  —  UNLESS  THIS  DATA  IS  FOR  A  THEORET ICAL  )AND 
PRINT  MESSAGE  (MODEL  IT  SHOULD  BE  CORRECTED)  AND  TYPE  (READ  PRINTER— TOGGLE  0  TO  CONTINUE)  AM)  SLEW  TOP  AM?  PAUSE. 

IF  2-0  PRINT  ACSSAGEUlL  DATA  WITHIN  PHYSICAL  LIMITS  HOWEVER  THE  ABOVE  PRINTOUT  SHOULD  NOT  BE  LEFT  UNCHECKED#. 

IF  MPH<MBR  THEN  MM1PR  OTHERWISE  M-MBH. 

PRINT  FORMAT  12, M.  FORMAT  IP  THE  ABOVE  DATA  CAN  NOT  BE  USED  IN  RAY  TRACES  EXCEEDING  juxxx.x  NAUTICAL  MILES. 

SLEW  TOP.  EOF  ?,2.  RWO  2.2.  FINISH. 
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9)  A-18I-U1  Extrapolation  and  Interpolation  of  Velocity  Profiles: 

Extrapolates  all  profiles  to  a  depth  greater  than  the  deepest  bottom 
point.  See  Table  5.  5.  1.1,  Chapter  V. 
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1  A-l8l-U1  -  PROGRAM  CXTRAPCLAT  ION  ANQ  INICfFOUT  I  CM  OF  VELOCITY  PROFILES  l 
(INITIALIZATION  Of  PROGRAM 

t’-IO*’  ,T*-T»  1*-T*t5.iV ,  I*.tV  ,T7-Tf  T1  .AtV  .  V'7-tV  ,t’°-T  V  ,  I1?.!- V.  I^-O. 

UPPCR  z-375,z-375.z1-375,V.375,v.375.v1-375.Z-375,z’-375,DD-375,D‘r-375.  DIMENSION  A-Aoo.  REWINO  2,2. 
REWIND  1,2.  REWINO  3.’*  RCAO  TAPE  A, 2,2.1*.  fRCM  1-0  TO  A  COMPUTE  1,-Aj.  t-Ag,  M°.A50,  B-A}2,  ItaA 
WRITE  TAPE  1, 1.8.5.  WRITE  TAPE  M,',?,".  FRO“  1-0  TO  M-1  READ  TAPE  A, 2,2, 2  ANO  WRITE  TAPE  A, 1,2, 2. 


(  PREPARATION  OF  OEEP  PROFILE  TAFC} 

(5EARCM  FOR  OCEP  PROFILES 

STATEMENT  1.  STATE  PC  NT  2.  READ  TAPE  A,  2,2, 3. 

IF  EOF  2  00  TO  STATEPCNT  50.  AfcAg.H-Aj.R.A^M1^. 

RE  AO  TAPE  A.2.2.M1  ANO  IF  K»0  00  TO  STATEMENT  2.  It-O. 

FROM  1.0  BY  2  IKTIL  Ml-2  COMPUTE  W  V*H.l  •IUK+1*  P*0.^ .  S«35. 

Extrapolation  or  ccep  profiles  -  if  accessary  calculation  of  temperature  - } 

(  EARTH  CORRECTION  FACTORS  -  ZD  COEFFICIENTS  of  riif 

N*0-  CALL  SUBROUTINE  WILSCN.  STATEMENT  3.  W-l .  FROM  r-M  UNTIL  *  ,5a/*  DO  STATCNCNT  300. 

COMPUTE  Xr-PMD0+I00(r-M*l1.  CALL  SUBROUTINE  WILSON.  STATENENT  300. 

O-P-r-1.  ir  *.1  00  TO  STATEMENT  A6.  CALL  SUBROUTINE  CORRECTION.  STATEMENT  A6.  *0*B.A,-P+1  .Aj-M.A^-T*00. 

WRITE  TAPE  A, 3,1, A.  i*1.  CALL  SUBROUTINE  ZO.  Z-Z+0{l0-X, ).  Aq-x^Aj.Vq.Aj-Z.A  yO.  MAIITC  TAPE  A, 3,1, A. 

TROM  p.)  TO  P-1  00  STATCNCNT  21.  CALL  SUBROUTINE  ZO.  *0«xr>  V  W2'*3*°-  WRITC  TAPE  A.J.l,*. 

STATEMCNT  21.  r-P.  Z-Z+OUj,-!^  ).  A0-*r,A1-Vp,AJ-Z.  V«|TE  TAPE  A, 3,1, A.  GO  TO  STATEMENT  2. 


fcHALLOW  EXTRAPOLATION  ANO  INTERPOLATION  } 
fcCT  UP  TAPES 

STATCNCNT  50.  WRITE  EOF  3,1  ANO  REWIND  3,1  ANO  REWIND  2,2  .  SN»0. 

RE  AO  TAPE  A,2,2,lA.  FROM  1.0  TO  Aj3-1  read  TAPE  A, 2,2,2. 

(  READ  VELOCITY  PROFILE  T2P2  ANO  DEEP  PROFILE  T3P1  ( 

STATENENT  6.  READ  tape  A, 2, 2, 3.  IT  EOT  2  00  TO  STATEMENT  5  .  MW*0>  h-Aj  ,  R.A?, 

tr  H-1  RE  AO  TAPE  A,2,?,M3  AND  00  TO  STATEMENT  6.  SN-1 .  READ  TAPE  A.2.2.M1.  K-o. 

FROM  1-0  BY  2  INTIL  M1  .5  CONFUTE  ,  K-K*l .  STATOCNT  8.  READ  TAPE  A, 3,1, A.  R.»0,P.*r M-A^T*50^. 


|  SEARCH  FOR  BRACKETING  OCEP  RANGES  FOR  SHALLOW  RANGE  -  WRITE  D-S  TAPE  T1P2  ( 

IF  R>R  GO  TO  STATEMENT  7.  RT.R,PT.P,MT.M.  T™50.^0.  A„-l.  WRITE  TAPE  A, 1,2, 5. 

FROM  1-0  TO  P-1  RE  AO  TAPE  A, 3,1, A  ANO  CONFUTE  X^.  Vj-Aj,  Z^A.,,  D^-A  AIC  WRITE  TAPE  A.I.2.A. 

GO  TO  STATEMENT  8. 

VlRITE  0-S  TAPE  FOR  OBSER<EO  SHALL W  POINTS} 

STATEMENT  7.  R1-R,t'1M00.TM>0,P,-P,  m’.M.  R-RT,TMX,-T1>O0,P-PT,M-MT.  STATEMENT  A3.  Ag-R.Aj-O, 
*2-N*,A3-999999, *4*0.  WRITE  TAPE  a, 1,2,5.  G-M-l.  IF  €-1  00  T?  STATEMENT  61.  CALL  SUBROUTINC  CORRECTION. 
STATEMCNT  6l  .  r-M .  CALL  SUBROUTINE  7D.  Z-Z<O(z0-T1 ).  Ag-Zp.A.,  .Vg.Aj-Z.A^-O.  WRITE  TAPE  A, 1,2. A.  . 

FROM  1*1  TO  M-2  LOOP  STATEMENT  31.  CALL  SUBROUTINE  ZO.  »0-zr.A  -V^A^-Z^-D.  WAT  ITE  TAPE  A.I.2.A. 
STATEMENT  31.  zn-Z„_2,V0-VM_?rx,-zM_1  ,V1-VM_,  . 

IE  hH-9  THEN  HM-0  AND  OO  TO  STATEMENT  I17.. 
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**«£(**(«:  rot*  WRTICAL  INTERPOLATION 

FROM  1-0  TO  PJ-1  RCAO  TAPE  A. 3. 1,0  and  COMPUTE  ;’1-A0.  V1  j-Aj  ,  7\-A?,  cf’j-Aj.  STATEMENT  A?, 
ir  P>P*  THEN  0-P  OTHERWISE  D-P1.  FROM  K»0  TO  0  If  THCNJ-K  AND  00  TO  STATEMENT  111.  STATEMENT  41. 

COMPUTE  r“,M.1.P'Aj,p1-Aj.1,t-VJ(t1»Vj_;11S-ZJ,S1-Zj.:],T.ODj,T1.DDJ.1.  CALL  SUBROUTINE  INTERPOLATION,  F-n1 . 
FROM  K-0  TO  U  IT  *’k>am.j  THEN  k-K  ANO  00  TO  STATDENT  <J.  STATEICNT  9.  COMMUTE  ,  ,-z1  k,  f’-z1  .,  t-V!  k, 

CALL  SUBROUTINE  INTERPOLATION.  G-n1 .  STATEMENT  10. 

,r  1 'k*»j  then  J-J+l.  IE  J>P-1  THEN  J-l ,  r-z  ^  ,n-V  J_1  .n’-V1  k  AND  00  TO  STATEMENT  51. 

If  THEN  00  TO  STATEMENT  11  .  COMPUTE  J-2,  r-z^,  f-*j,  n-v’k<  p’-ij_v  t-Vj,  t’-Vj,.,,  S-7Jf 

s’-Zj.,,  t-0Dj,  T1»DCj.1 .  00  TO  STATEMENT  IS.  STATEMENT  1’.  COMPUTE  J.i  ,  r-z,,  n-V,,  p-z’k>  r1-z1„..)i 
t-v\,  S.l\,  T-O01,,,  t’-O01^,.  STATEMENT  12. 

CALI  SUBROUTINE  INTERPOLATION.  STATEMENT  5T . 

(  PREPARE  ro«  RANGE  INTERPOLATION  t 

IF  J-1  THEN  V^.r,,  V02.^  OTHERWISE  V01  -n1  ANO  V02-!!.  CALL  SUBROUTINE  RANGE  INT. 

(  FIM5  SHALLOW  COEFFICIENTS  FOR  EXTRAPOLATEO  POINTS 

IF  J-l  THEN  J-J+l  OTHERWISE  kwk+1.  Zj-r ,  Vg-V52  .r-1 .  CALL  SUBROUTINE  70.  Aq-Ij .Aj-Vj .Aj-Z ,A,-0. 

*<»ITE  TAPE  A, 1,2, 4,  V,,l,V0"Vl,*l“,2’Vl"V  ,F  J'"**1  °*  k>p’ -1  THEN  <»  TO  STATEMENT  13.  00  TO  STATEMENT  10. 
STATEMENT  13.  Ag-r.A^V52 ,A2-7+0(i2-*1  ). Aj-O.  WRITE  TAPC  A, 1,2,4.  A0-A5-A£-A3-999999.  WRITE  TAPE  A, 1,2, 4. 
STATEMENT  42.  READ  TAPE  A, 2, 2, 3.  IF  EOF  2  00  TO  STATEMENT  5.  PWA0,H-Ar R-A2,M1-2M.  READ  TAPE  A,2,2,Ml. 

IE  H-l  00  TO  STATEMENT  42.  K-0.  FROM  1-0  BY  2  UNTIL  MJ-2  CONFUTE  **"*!•  VAi+l  .*-K*l* 

(WRITES  SHALLOW  EXTRAPOLATEO  RECORDS  ONTO  0-S  TAPE  } 

IE  RCR1  THEN  HH-9  ANO  00  TO  STA TETCNT  43.  Aq.R1  , A^P1  .Ag-M1  .A.j-T1"00^,,-!  AND  WRITE  APE  A, 1,2, 5- 
FROM  1-0  TO  P1-!  CONFUTE  A^j.  Aj-V^,  Ag-Z^,  Aj-tP’j  AND  WRITE  TAPE  A, 1,2, 4. 
pT_p',lTTM00-T1^00,MT-M,  .Rf-R1  .  FROM  1-0  TO  P1 -1  CONFUTE  Zj-Z1^  Vj-V1 ,  ,  Zj-Z^,  O^-D0^. 

00  YO  STATCMCNT  8. 


tNO  or  progm+H 

(  WRITES  ALL  DEEP  RECORDS,  FROM  OEEP  TAPE,  FOLLOWING  LAST  SHALLOW  RECORO  ONTO  D-S  TAPE  ( 

STATEMENT  5.  IF  SN/0  00  TO  STATEMENT  48.  STATEMENT  49.  READ  TAPE  A, 3, 1,4. 

ir  EOF  1  00  TO  STATEMENT  60.  STATETENT  37-  Ajj-l.P-Aj.  WRITE  TAPE  A, 1,2,5.  FROM  1-0  TO  P-1  READ  TAPE  A, 
3,1,4  ANO  WRITE  TAPE  A, 1,2,4.  GO  TO  STATEMENT  49.  STATEMENT  48. 

^,^,^.YT™,A,1.  WRITE  TAPE  A, 1,2, 5.  FROM  1-0  TO  P3-l  COMPUTE  A^z1,,  A^-V1  j , 
A2-Z11>A3-0D11  AND  WRITE  TAPE  A, 1,2,4.  READ  TAPE  A, 3, 1,4. 

IF  EOF  1  00  TO  STATEMENT  60  OTHERWISE  00  TO  STATEMENT  37.  STATEMENT  60.  WRITE  EOF  1,2. 

REWIND  2,2.  REWItO  1,2.  REWIND  3,1.  STOP. 
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Subroutine} 


(  subroutine  correction 

X 

SUOROUTINt  CORRECT  I  ON .  TRC*  1*0  TO  0  COMPUTE  V  -V  0+  - ^ - 7 -  )  ,  RETUflU  . 

r  r  6.37(10)6 


SUBROUTINE  ZC} 
SUBROLfftfC  ZD. 


COMPUTE  Z- 


•Vr)(zr-]-zr)g~<Vr-rVr)Uptl~ier);? 

lr+l  _1r^*r-l  "zr^  *r+l  “*r-l  * 


D- 


2((Vp+1  -vrMzr_j  -*r)"(vr.1  *vr)(zr+]  **r^ 
(zpfl-zr)(zr.1-xr)(zIH1-zr.1) 


RETURN. 


Subroutine  wilsqns  equation  to  find  velocity  from  tenperature  oi$ 

(  temperature  trom  velocity  ( 

SUBROUT  IKE  WILSON.  IF  W.0  THEN  T-10  AND  D-P*00  OTHERWISE  D-Zj,  AND  T.T*00.  STATEMENT  TOO. 

IF  0>200  00  TO  STATEMENT  101.  a— 3.5W2BT12,  B.9.96H77t\  D— O, 

PSl.((-Bf(p2-l*aD)-S)/(2a))/689.‘l7.  00  TO  STATEMENT  102.  STATEMENT  ,01.  a.-2.62085T,2l 
p.9.9‘l765Tlt,  rr2.40lrt3T\  0-- D,  PSI«(  (-B+(B2-Jtla(  tt+O ) )  ,5)/(2a))/689.1*7.  STATEPCNT  102.  0—0. 

P- .  0703P3 1  +1 . 0332 .  AVT.U .  6233T-5 .  4585T2T2+2  .BzaiM-S .  07T7T4 . 
avp-l.605l8T1P+l.0279T5P2T3.H51T9p3.3.503T,2p't.  avs-1.391  (S-35)-7-8T2(S-35)2. 
OVSTP-(S-35)(-1.J97T2T+2.6]tV-i.96t7P2-2.09T6pt)+P(-2.796TU+i.33O2tV-6.6«T8T3)+ 
P2(-2.391T7T+9.036T1OT2)-1  .7MiT10P3T.  VT-ll»ll9.22TAVT+0VP+AVS+AVSTP. 

IF  wwl  THEN  Vr.vT  AND  RETURN  .  IF  |  v'-V*00  |  <.0001  THEN  t'’O0.T  AND  00  TO  STATEMENT  103. 

A^V^-V1,  AT-AV/I|,T«T+AT  AND  00  TO  STATEMENT  100.  STATEMENT  103.  RETURN. 

SueflouTiie  interpolation 

SUBROUTINE  INTERPOLATION.  K-t^+S1  (r-p1  J+T1  (r-p1  )2/2.  L-t+S(r-p)+T(r-f  )Z/2. 

n1-  *r'p^L  +  ^  P'r^K  .  RETUWJ. 

(P-P1)  (P-P1 ) 

Subroutine  range  ini} 

SUBROUTINE  RANCEINT.  IF  OR  B<ZM..,  THEN  TYPE  (RANGE  INTERPOLATION  VALUES  INCORRECT  )  ANO  STOP. 

RP  ni  fR-RKv02-!/01  1  (B-r)(R-R)(0-F)  (B-r)<VM  .  -F) 

IF  rSB  THEN  vSP-VD1+  lR  "4-T — 'C—l - , -  +  - ^-—-4 - OTHERWISE 

(r’-r)  (0-zm-i  )  (r  "R)  ^*mV 

VSP.VD1T(R-R)(VDg-VD1  )  .  RCTURN. 

(rW) 
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10)  A-199-U1  Profile  Plot  Program: 

Plots  velocity  profiles  used  by  Ray  Trace  Program.  Sample 
printout:  Fig.  39  in  Chapter  V. 
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1 1 )  A-182-U1  Ray  Trace  Program; 

Traces  rays  through  velocity  field.  Sample  printout:  Chapter  I,  Fig.  9. 


{INPUT  PROCEDURES  ■  SET  UP  FOR  CORRECT  PROf  HE  AND  DEPTH 


{  INITIAL  RANGE  NM,  FINAL  RANGE  1*1,  INITIAL  DEPTH  M,  MAX  ITERATION,  MIN  ITERATION,  EPSILON,  MAX  SINL  CHANGE,  I 
{  MAX  SURFACE  HITS,  MAX  BOTTOM  HITS,  MAX  GRAZING  ANGLE,  PRINTOUT  INCREMENT,  SURFACE  DELTA  f 

DIMENSION  F.A  .  UPPER  *-375,v-37t>,Z- 375, 0-375, x- 375, V-375.Z- 375,0-375, X-375.Y- 375. 

STATEMENT  100. 

0-0.  E^-o, 

READ  K,E,l,AM,F3,t,Ss,F,F,H,S,A. 

S-lB5ZS,E-18SSE,K-l85SK. 

STATEMENT  10. 

IF  E^-l  THEN  WRITE  EOF  2,2  AND  E^-o.  REWINO  1,2.  aEW  TOP.  READ  TAPE  A,l,2,5.  G-K,  D1-©-— C-o-lF-N-R-^O. 

READ  fl.  IF  9-  999  GO  TO  STATEMENT  100.  PRINT  FORMAT  Mj^Ag.Ag.AyA,,.  SLEW  2. 

PRINT  FBRMAt  2, 1 ,6,c  ,AM,F3,SS.  SIN-SIN  (yb/180)  ,P-K,y.  I  aEW  2.  PRINT  FORMAT  ft. 

{  READS  BOTTOM  PROFILE  OFF  TAPE  -  STORE  IN  RANGE  X,  OEPTH  Y  f 

READ  TAPE  A, 1,2,1,  M-Ag.  FROM  1-0  TO  M-l  READ  TAPE  A, 1,2, 2  AND  COMPUTE  X1-l852A0>Y1-l. 82680 36^, 

FROM  1-0  TO  Xj^K  COMPUYE  1-1.  t-  <(v1+1“vi  )/<xl«.l"Xi  ^  (K*X1J  +Y1*  IF  ’>*  ™CN 

{THE  2  BRACKETING  PROFILES  ARE  ELECTED  AND  STORED  IN  R,x,V,Z,D  AND  R,x,V,Z,tf 
STATEMENT  3. 

Q-0.  REAO  TAPE  A, 1,2, 5,  R-Ag.T-Aj. 

STATEMENT  9. 

{IF  Q-l  SEARCH  ONLY  FOR  THE  RIGHT  BRACKETING  PROFILE  AND  STORE  IN  R,i,V,Z,C$ 

IF  R>r  GO  TO  STATEMENT  4.  IF  !^1  GO  TO  STATEMENT  1. 

FROM  1-0  TO  G-l  COMPUTE  *i"*i*wi.“-Vl,Zl"Zl,I,l"Dl*  P-G'R-R  AND  00  T0  STATEMENT  3.  STATEMENT  1.  R-R. 

IF  T-999999  THEN  (FROM  1-0  TO  INFINITY  READ  TAPE  A, 1,2, 4  AND  (IF  AQ-999999  THEN  P-1  ANO 

GO  TO  STATEMENT  3)  AND  COMPUTE  *i-Ao,Vl"*l*Zl“A2,Dl”*3^  OTHERWISE  P-Aj  AND  (FROM  1-0  TO  P-1  READ  TAPE  A, 1,2, A  AFC 
COMPUTE  *j-A0,V1-A1,Z1-A2,D1-A3)  ANO  GO  TO  STATEMENT  3. 

STATEMENT  4. 

IF  Ol  00  TO  STATEMENT  5. 

IF  T-999999  THEN  (FROM  1-0  TO  INFINITY  READ  TAPE  A, 1,2, A  AFC 

(IF  Aq-999999  THEN  G-l  ANO  GO  TO  STATEMENT  5)  AND  COMPUTE  *i*A0»vi-Al'Zl“*2'Dl“A3)  OTHERWISE  G-Aj  AFC 
(FROM  1-0  TO  G-l  READ  TAPE  A, 1,2, A  AND  COMPUTE  VVWW^V  * 
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k  NEW  BOTTOM  POINT  IS  SELECTED 
STATEMENT  5. 

rt.OM  1«0  TO  INTIMITY  IP  vSt...  00  TO  STATEMENT  6.  STATEMENT  6. 

fH)A.  >0  TO  INFINITY  IF  ySi^j  00  TO  STATEMENT  7.  STATEMENT  7.  IF  &0  00  TO  STATEMENT  11. 

FROM  lo-M  TO  M-l  IF  KK^j  THEN  00  TO  STATEMENT  8.  STATEMENT  B.  FWk. 

STATEMENT  11.  L«0. 


(INTERPOLATION  WITH  GIVEN  r,y  -  BRACKETING  PROFILE^ 

(THE  POINT  IS  FOUND  WITH  COEFFICIENTS  -  STORED  IN  r.y ,VR,7R,DR,0^ 
i-V1,N»Z1,L.*1,PM)1.  SU.l.  GO  TO  STATEMENT  85. 

VK-VT,7K«ZT,l»V1+1,L-t14J,IU71+1,FM01+1.  SU-2.  QO  TO  STATEMENT  85. 

VK1-VT,7K1-ZT,N«1,UM)1.  SV-1.  00  TO  STATEMENT  87. 

l-Vj.tUZj.L-Yj.PWj.  Su«3.  00  TO  STATEMENT  85. 

"“Z>Al«L“*,)+l»*,Dj+1.  Su-A.  QO  TO  STATEMENT  85. 

'‘-Pj.lA-Oj.  Sv-2,  GO  TO  STATEMENT  87. 


STATEMENT  81. 

STATEMENT  88. 

STATEMENT  80.  VJ«VT,ZJ-ZT,DJ»DT. 
STATEMENT  83.  VK«VT.2K  ZT  ,  u 

’  L  •  '  Vi> 

STATEMENT  ik.  VK1.VT ,ZK1.ZT 


STATEMENT  29. 


VJ1-VT  tJ1_-,T 


lV  .ZJ1-2T,Oj1^)t 


Rl.  { R-r )/  ( R-« ) ,  R2-  ( r-R )/( R-R ) . 


IF  <*0  THEN  v° 

and  (IF  ^1  00  TO  STATEMENT  30  OTHERWISE  00  TO  STATEMENT  38). 


VR-R1VJ-»R2VJ1,ZR-R1ZJ+R27J1,0R-R10J*R2DJ1,GR-(VJ1.VJ)/(R-R).  IT  r-K  THEN  C~C0S(r6/lB0)/VR. 

C0S«VRC.  IF  I  S,f1  >.01  THEN  SIN-(|  <(|  1-C03^  )/SIN+s'N)/8. 

IF  amZ  THEN  SIN-uC0S-<i>S|N,  C-uiC+tiS,N1AR,  9-0,  C0S-VRC.  TAN-S,N/C0S. 

ST-  |  cV(ZR^RT*N)MCa(ZR2S,N+ZR0RCOS+VR0RSIN)S2/!MCi!(3ZRDRSIN2-CZRCOS(ZR5!+VRDR))A3/6  I  . 

C 

IF  ST>SS  THEN  *.(SS/ST),5A  .  ST-  |  C2ZRDRa3|  .  IF  ST>S$  THEN  M  (SS/ST)  ,5)A.  00  TO  STATEMENT  86 


STATEMENT  65. 

VT-l4«(y-L)4N(L-y)2/8,ZT-K+N(y-l).  IF  SU-1  00  TO  STATEMENT  81,  IF  SU-8  GO  TO  STATEMENT  28. 
IF  SU-3  00  TO  STATEMENT  83.  IF  -$U-4  GO  TO  STATEMENT  8L. 

STATEMENT  87. 

S^-J,T-L-J,U-S/T,Y-L-y,IVY/T,VT-WVK1+UVK,ZT-WZK1+UZK+(VK1-VK)/T,  0T-8(ZK1-ZK)/T+VA4+<JU. 

IT  SV»1  GO  TO  STATEMENT  86.  IF  SV-8  GO  TO  STATEMENT  89. 
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STATEMENT  26. 


{THE  PAST  POINT  IS  OEFINEO  -  IN  THIS  CASE  INITIALIZATION  -  l*,y  ,VR,ZR,0R,G^ 

IF  r-K  THEN  VR-VR,ZR-ZR.DR-DR.GR-QR,y-y,r<.r,C-C,S,N-SIN. 

{testing  for  a  change  because  of  new  velocitt  field) 

IF  4£(R-r)/C0S  THEN  Fj  -  A  ANQ  CALL  SUBROUTINE  VO.  RM-r,  yM-y,  y«y+8Z,  r»rt»R,  0-1  AH)  GO  TO  STATEMENT  5. 

GO  TO  STATEMENT  33. 

STATEMENT  30. 

P-RM,y-yM,0-O.  IF  |  V^-V°  |  <€  GO  TO  STATEMENT  40.  I  VA-V°  |  .  IF  itfFj  THEN  O-Fj. 

GO  TO  STATEMENT  40. 

STATEMENT  31. 

aR.(R-r)/C0S,  F1-6R  .  CALL  SUBROUTINE  VG  . 

0.2.  RM-r,  yM-y,  y-y+6Z,  n.r+6R  .  GO  TO  STATEMENT  5. 

STATEMENT  32. 

O-0,P.RM,y-yM.  IF  |  Vfl-VQ  I  <c  THEN  a»&R  OTHERWISE  S-tiR/  |  v'W3  |  AMI  (IF  0<Fg  THEN  A-Fj),  GO  TO  STATEMENT  40. 
FROM  v»0  TO  G-l  COMPUTE  *v-lv.V',vv»Zv"Zv'Dv"Dv'  R-H.P-G.  READ  TAPE  A, 1,2, 5.  R-Ag. 

IF  Aj-999999  THEN  (FROM  v»0  To  INFINITY  READ  TAPE  A,  1,2, 4  AND  (IF  AQ.9y9999  THEN  G-v  AND  00  TO  STATEMENT  40), 
*V**0,Vv"Al'Zv’A2’Dv"A3^  OTHERWISE  G-Aj  ANO  (FROM  v-0  TO  G-l  READ  TAPE  A, 1,8, 4  AND 
COMPUTE  *v-*q.  VAl'Zv’,A2'tW‘ 


STATEMENT  40, 
ir  |  V°q  >1  THEN  G-Fg. 

{TESTING  FOR  SURFACE  HITS) 

IF  y >4  I  SIN  I  +&  THEN  GO  TO  STATEMENT  50.  IF  y,'0  GO  TO  STATEMENT  41. 
o-l.  ZX-ZR-yDR/2.  IF  |  7*|  <.0001  THEN  A— y/(SIN)  OTHERWISE 


ZR.ZR,VR-VR,DR.0R,GR.0R.y-y,^r,S,N.S1H,C^.COS.V!,C,TAN.SIN/Co£. 


CALL  SUBROUTINE  ITRAT.  y^O.  GO  TO  STATEMENT  60. 


STATEMENT  41. 

ZX«ZR-yDR/2.  IF  SIN2+2yC2VRZXSO  GO  TO  STATEMENT  60.  If  |  Z^  <.0001  THEN  n—y/(SIN)  OTHERWISE 


IE  nSO  OR  n>4  GO  TO  STATEMENT 
GO  TO  STATEMENT  60. 


60. 
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{TESTING  ron  BOTTOM  HIT^ 

STATEMENT  50. 

FROM  M  TO  M-l  (If  KX^  THEN  00  TO  STATEMENT  51).  STATEMENT  51. 

IF  p«c0SAaRs,N42/8Sxk+1  then  qo  to  statement  m.  Mx^-iO/c05  .**♦«.  statement  52. 
if  ri\-&  and  /SYk+1-A  00  to  statement  60. 

►  - »  *"(BCOS-S,N)a-eC2VRlR(Yk-y+0(p-Xk)). 

If  #40  00  TO  STATEMENT  60.  IF  |  Z^  <.0001  THEN  (IF  Yk-y+B(l^Xl;  )<0  THEN  00  TO  STATEMENT  60  OTHERWISE 

.  -IN  „0S  „.5 

)  OTHERWISE  «.  -  . 

IF  nSO  QO  TO  STATEMENT  60.  IF  n>A  00  TO  STATEMENT  60.  ami.  *.2.  CALL  SUBROUTINE  ITRAT. 
o-a*/(l-pc),  »*l/(l+e®)'  QO  TO  STATCMENT  60. 


Y|f-JT4fi(r*Kv) 

>5cw  " 


{  PROCEDURES  FOR  EXIT  OR  RETURN  } 
STATEMENT  60. 


IF 

0-1. 


L  «  0  THEN  CALL  SUBROUTINE  ITRAT.  L-0. 
t-t+B.  jMir^,i»r^,OC1,OCT,«^pT,VR-VR,ZR«ZR 


CALL  SUBROUTINE  PRINT. 
,DR-0R,  0R-CR.  SIN-SIN1, 


CALL  SUBROUTINE  TIME. 
SIN-SINT.  <MAM,y-yT  . 


IF  r>C  PRINT  MESSAGE  (MAX  RANGE),  E0*-!  ANO  00  TO  STATEMENT  10  . 


IF  0.1  THEN  IMiH+1  ANO  SIN— SIN,  Mr1,  y-y1,  OC1,  S,N-S,N  .  IF  H>F  THEN  PRINT  MESSAGE  (MAX  SURFACE  HITS), 
£*-1  AM)  QO  TO  STATEMENT  10  .  IF  a>2  THEN  N.N+1  AND  00  TO  STATEMENT  9. 

IF  N>F  THEN  PRINT  MESSAGE  (MAX  BOTTOM  HITS),  E^.l  AM)  00  TO  STATEMENT  10  . 
am<3  .  QO  TO  STATEMENT  9. 


(ITRAT  SUBROUTINE} 

SUBROUTINE  ITRAT. 

STATEMENT  90. 

L.l.  Cl^-Ca0R(UT*N8)AK30RZRT>N(l+TAN2)A2, 

p1^MC0SA4C(ZRSIN-M)R3,NTAN)A2/2K(DRS,N2-CZVHZR(ZRH5RT*N))A3/6-C5ZR(llVR0RS,N+ZRGRC0S+ZR2S,N)A,,/2*l. 
y1»T+SINA-C2VR(ZR-GRTAN)AC/8-C2{ZR8S,N+ZRGRCOS+VR0RSIN)A3/6-C8(3ZR0RS  IN2-czRc03(zR2-tvRoR)  )e}/2>>, 
SIN1-S,N-CavR(ZR-ORTAN)A-Ca(ZR8SIN+ZRGRC0S+VR0RSIN)A2/2-C2(3ZRDRS,N2-CZRC0S(ZR2+VRDR))A3/6. 

IF  pVo  GO  TO  STATEMENT  8l.  RETURN. 
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litalinu  IUM  nurUINU  LWCItlCWS  -  INTERVAL  ,  INFLECTION, BOTH*  OR  SURFACE  HIT  -  PAINT  SUBROUTINE} 

subroutine  paint. 

If  si,‘,S'"1SO  AND  a-0  THCn  a-3.  rROM  v-1  TO  2  00  STATEMENT  80. 

IF  v-1  AH)  a-3  AND  OAr1  THIN  a -A.  IT  v-1  AFC  air1  THEN  00  TO  STATEMENT  83.  01-l,r,1»r1l  y,l-y 

C11-c,,sINT1-sIN1.  r1-r,»I-y.aT-A.5IN,-sIN,eT-c.  ir  a<3  tnen  a-oT(o-r)/(r1-r),  (WHS  aic  oo  to  statemcht  90. 

IF  o-A  THCN  a-4TSIN/(SIN-5IN1)  ANO  »-l  AND  CO  To  STATEMENT  90.  IF  sVN/(SIN-S,N1)<41(0-r)/(r1-r)  THEN 

(IF  v-1  THIN  a»aTSIN/(SIN-SIN1)  AND  »-l  OTHERWISE  4.0,(a-r)/(p'-r)  AND  (WHS) 

OTHERWISE  (ir  v-1  THEN  iHOT(0-p)/(r1-r)  OTHERWISE  0-C4S  AND  N-l  AFC  EUflTSIN/(SIN-SIN1 ) ).  00  TO  STATEMENT  90. 


STATEMENT  81. 

Fj-1.  00  TO  STATEMENT  103. 


STATEMENT  10*. 

Fg-O,  t-t4B.  01-0,S|N-SIN1,y.y1,iMr1. 

FROM  k-0  TO  M-l  IF  KXfc+1  THEN  F4-k  AFC  00  TO  STATEMENT  84. 

STATEMENT  84, 

U.YM4(r-»M)(V  -VM)/(X|+(1-XM)-y.  IF  o-P  ANO  v-2  THEN  SIN1-(SIN1-fiC0S)/(l4pS)*5  AFC  U-0. 

IF  M-l  THEN  S1  -0  ANO  M»0.  0,-W. 

PRINT  F OIMAT  3,r/l852,y,SIN1 .t.w. 

P0-p/l852.p1-y.P2-SIN1,P3-t,pk-W.  WHITE  TAPE  p.S.r.S.  II  a-2  AND  v-2  THEN 

(IF  |  SIN1  |  yH  THEN  PRINT  MESSAGE  (CRITICAl  SINE)  AFC  CONFUTE  C01-!  AN F)  00  TO  STATEMENT  10),SIR1-SIN. 


t-t-B.  IE  v-2  AND  (IE  a-1  OH  a-2  00  To  STATEMENT  89). 


fl_ ,T1  —  I N1  . 1  NT  1 


r-i-T(y-yT,S-ST<Sm- 


I  Fit 


(c-c’. 


STATEMENT  83. 

IF  v-1  ANO  o< 3  AND  Olr1  THEN  SINT.SIN,rT-r,yT«y,CT-C. 
IF  V-1  AND  *.0  THEN  RCTURN. 

IF  v-1  AFC  013  00  TO  STATCFCFfT  88. 

IF  v»l  THEN  v-v+1  ANO  OO  TO  S1ATENENT  81. 


STATEMENT  88. 
STATEMENT  89.  RETURN, 


subroutine  vq. 

62-SINF1-C!!VR(«RMlRT*f')F1s/2-C2(ZR2SIN47R0RCOS+VRDRSIN)Fl3/S-<-2(3TR0RSIN2-CZRCOS(ZR2+VRDn)  . 

8R.F1COS+C(ZBS,R-0BSINTAN)r1Z/2+C(DRSIN2-C!VRZR?)F;1V6-C3ZRVR0RSINF11,/S  . 

V^M  VR42V4cVW»H. 

RETURN. 

SUBROUTINE  TIME. 

STATEMENT  103. 

a-4(l-C(7RTWJ+  0R)£vF2+CZ(TR2-VR0HTAN2*27nST*,’l2*2FR0RTA,J4?oRE)iP/6)/VR,  IF  Fj-1  00  TO  STATEMENT  104. 
RETURN. 


FORMAT  1  DATE-  ra  XX  xxxx  RltCjaxi  xxxx, 

FORMAT  S  DtPThW-fcxxxx.xxxx  ANGLE  DEG-xxx.xxx  EPSILOM-X.XXXX  DELTA-xxxx  MIN  DElTA-xxx  SIN  TEST-  .xjuc  . 
FORMAT  3  XX XX. XX XX  xxxx. xxxx  x.xxxxxxx  XXXX. XXXX  xxxx. XXXX  . 

FORMAT  k  RANGE  M*  DEPTH  H  SINE  SEC  BOT  OIF  M. 

FINISH. 
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Selects  plotting  information  from  ray  trace  output  tape, 
writes  a  tape  for  the  sort  program  (A-188-G1). 
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RAY  TRACt  DEPTH  DILIP  IBUT  I  Ol4 
'ROGRAM  NUMBER  531  P AS-,  1} 

'ROGRA+MER  HOWARD  L  OAVIG  I  OR  OR  W  A  HAkDl} 


FUNCTION  H(A,u.C)-  (a/1.38  )2  +  ]B .  364  (CSIN  a)2/(u). 
OO.  FUNCTION  HH(A,U,CM/(dM(A’U,C)). 


TYPE  RAY  OCP  TH  DSSTR  IBUTION  /  INPUT  T  ], 2/HARDY. 

TYPE  (  OC  531  (  A  187  Ul)). 

STATEMENT  5C02.  RWO  1,2  AND  RWO  2,2. 

RT AD  CARD  A. 

UPPER  RR“  1 50,  R^-lOO,  7- 100 ,  R^-IOO,  D-100,  R,OUND^2!3.  7'  =  25,  “>  -25,  Tf*25,  Br»25,  AF-25. 

DIMfNS ION  W-'6. 

NR-1 50,  N°-100,  N7-100,  M-Pii. 

SPfCIAL  VARIABLE  ATT  . 

(  READ  ATTENUATION  LOWCR  LIMIT,  CPS  I  LON  ANOC  METERS,  EPSILON  ANGLE  RADI  A  NS, DUMMY , MAX  I MU+} 

Dumber  or  records,  number  oi  consecutive  rays  to  ul  processed 


RE AO  CARD  ATT.  ER,E°,0U,MAX,N°. 

STATEMENT  300.  {  READ  PRINTOUT  RANOES) 

SLEW  2  AND  PRINT  MESSAGE  (  RANGE). 

E90M  L-0  TO  INFINITY  IF  L>NR  GO  STATEMENT  350  ELSE  READ  CARD  RRL  AND 

IF  RR  -9999992  THEN  (  NR-L  AND  (  FROM  B-0  TO  L-2  IF  RRp>RRp+1  PR©NT  FORMAT  TOO,  P+1 )  AND 
GO  TO  STATEMENT  302)  ELSE  PRINT  RRL . 

STATEMENT  302.  <  READ  BOTTOM  RANGE  AND  ASSOCIATED  ATTENUATION  COEFMCICNT  ) 

SLTW  2  AND  PRINT  RE  USAGE  (  BOTTOM  RANGE  ATTENUATION). 

FROM  L-0  TO  INFINITY  IF  L>NB  GO  STATEMENT  350  ELSE  READ  CARD  P^'  AND  IE  R^-9999993  THEN 
(  NB-L,  AND  {  FROM  P-0  TO  L-2  IF  R®p>R6p+1  PRINT  FORMAT  LOO,  P+1 )  AND  GO  STATESCNT  303) 
ELSE  READ  CARD  B,_  AND  PRINT  r\,Bl- 

STATEMENT  303.  }  READ  SURFACE  ATTENUATION  RANGE  AND  ASSOCIATED  COEFFICIENT} 

SLEW  2  AND  PRINff  MESSAGE  (  SURFACE  RANGE  ATTENUATION). 

FROM  L-0  TO  INFINITY  IF  L>N7  GO  STATEMENT  50  ELSE  READ  CARD  R7L  AND  IF  R7  -9999994  T1CN 
(  N7-L,  (  FROM  P-0  TO  L-2  IF  R%>R7p+1  THEN  PRINT  FORMAT  300,  P+T  )  A  I'D  GO  TO  STATEMENT  304) 
ELSE  READ  Yl  ANO  PRINT  R\.\. 

STATEMENT  350.  TYPE  CARD  INPUT  ERROR  TOO  MANY  CARDS  ,  TERMINATE  . 

STATEMENT  304.  TYPE  CARD  INPUT  COMPLETED. 
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saw  t.  lied.  (  wavelength  ).  ppii.:  ». 

Sitw  ;.  PPIN!  rc?:-'4l  ;lg.  \9ik".n>,n:''. 

saw  ?.  PHIM  ICRNV.T  £«,  A1’,  C",  t‘,  D;l.  Saw  ;nt!.t  :a-AT  C" ,  P*V,v. 
M>THAT  !CC  RANGE  INPUT  C<W»,  RANK  CA-C  NC-  y. 

E3‘«<AT  LM.  INITIAL  ANGLC  INPUT  E&<C“.  ANCLE  CA.I-J  I  A.  J. 

IORKAT  303  SURE  ACC  ATTEhJATlUl  EB-iCAr,  SUHEACE  ATtElAjATIUN  CA«ti  NO  y. 

FORMAT  *0O  BOTTOM  ATTCMIATICN  IXKL*,  ELTTCP.  AlUNUATICN  CAPL'  NO  y. 
ro>»AAT  yxj  y  initial  ANCS  y  nances  y  SUNT A£C  AMi  y  IOTNX  AT1ENUATI0I6. 

TORKAT  COO  ATT  LIMIT  y  tPSP  y  EPSTHETA  y  UU«-lr  y. 

TOW*’  CO'  max  I  HIM  MMBCR  or  WCOTOS  y  MAX  RANCES  IN  CYCLE  y  . 

I  two  cr  capo  he ao inc  orautNcc  i 

J  IN  I T 1 11  ANGLE  SEARCH  INIT’AL  ANGtf  (-3  JltCH  IS  T„  rr  I  I  PST  ffiwl 
STATEMENT  ’TCP,  .  (rur  CfXWT} 

STATfi^Nt  *.  r-P.  C,rC-P.  t  core  IS  ASCO®l>G  COL»;T  Of  WCCPO  DEAD  TOO  TACH  r  ILfS 


STATEMENT  3.  WAD  tape  T0.I.?,S  it  COT  ?  00  to  s»atocnt  * 
OTHERWISE  R-T0.  Z.Tj  ,  w>(i80/t)aRCSIM  T?,  &.T,. 

hw. 


(  IN|T  I ALI7AT ICN  EACH  TIME  tCW  SAY  IS  EUAMIWS  } 
ITATCH'NT  r.  N(MSt’W*K*Yl  .s’V),  s8-c.  All-! 
C0,,\l.®.«>.c'«.l.  CO.  T^-O.  0K-O,  t"'-0. 


:«'T.  7, 


I  ATTENUATION  ANO  PANCT  ANAYSIS  3 
STATC»CNT  TOO.  CALL  (  ATTCNUATICN  )  . 

STATCNCNT  jot.  If  ATT<ATr  THEN  TYPE  (  ATT  LIMIT  )  IT  0*-0  THEN  01)  STATEMENT  JJT. 


STATEMENT  1V».  CAL’.  (  PANCE  ANALYSIS). 


(  TERMINATION  CCM)!T!CNS  VMTN  A  PANCT  IS  NOT  PEIKJ  PROCESSED) 

If  C*-0  -niTN  (  ir  EOT  ?  00  STATPCNf  TV  r.SE  IE  E-1  f»  ATT<An  CR 
OP  T0<0  OR  c’*0***’  00  STATEMENT  TV  3. 

statement  to.  read  tape  t0,i,2,5  ur>  e*te-c*ccp  i  »no 
tr  t0<o  op  c<lrc>M*'f  then  (  ir  o^-i  oo  to  statement  15* 

OTMEPWISE  00  TO  STATERCNT  T5T  ). 

ir  Ecr  ?  THEN  E-1  AM)  (ir  0K-1  OO  STATEWTNT  ISA  ELSE  OC  STATtWNT  1ST).  CO  TO  STATCT-tNT  TOC. 
(  TERMINATION  ROUTIW  } 

STATEMENT  T51.  ir  TrST<N°  THEN  (  EROM  L-T^8TAT  TO  n”  COWMTT 
Hg-P^^.  (  TOR  P-l(T)T3  COPUTE  Hp-0U), 

«.*-«.  v15-(w0*9/36o),vxmr  tape  w0.?,?.tC  ). 

STA-TNENT  'ST.  IE  N^CN*  THEN  (ir  E-’  CO  STATEMENT  T  n.ST  (EPCM  L-0  TO  INrtNITY 
RE  AO  TAPE  T0.  T,  ?,  5  ANO  IE  TOE  ?  CO  STATCWNT  l)). 

EOE  ?.?  ANO  TYPE  CNO  OE  MJN  /  USC  SORT  PROGRAM  /  SORT  CH  TfTH  i/TWI  CE  EACH  RECCRO. 

TYPT  SOP'  CCCE  3?  3?  ;1  3?. 


STOP. 

SLPRCUTINt  (  PANCT  ANAYSIS).  I  CIM5S  CESIGNATEO  RANCTS  KECPINC  TRAC*  CE  TLRNHC  POINTS} 

I  CCMMTIONS  INDICATING  TAPE  XAHTE  ■MIEN  PANCE  IS  BC  INC  PROCESSED  ! 

ir  r,s  r,  O  m  att<att  tucn  !  ir  s'.;  then  r0CP'T-T,  and  cd  to  s*ate-Ent  t-co). 

ir  rpr  ?  then  (ir  ck*t  thcn  and  ct  statement  : — ). 
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Best  Available 


I 


5T*Trw?:«T  >J3.  S^attvtnt 

I  VAP'H  TCP  *»AXr  f 


|r  ’?){u!>,-r'>)  WO  R*'rU.*r  ’  *,,rN  ’’  ■*  • 

f  (¥,•  VTWlS  *AfL/  r,s*».P  k*  VWIl’TlJ 


(  TAPC  OA’CC  TOC  SMALL  DO  CONTllAf  SCAPClIlfC  l 


ir  r<(rp,-cp)  turn  go  sfAirnrn^  ice. 


i  TAPE  IUNCE  TO  IASCE  ASSIM"  CUBPE  NT  TAPE  rEf-CRO  IS  POCPEB  I 

„X  THEN  (  PBINT  ro»<»T  pot.  .>  -  (  r»  —  tl.d-  ,  - 

*NO  GO  TO  ST1TCTCNT  ?C5  )  CISC  CO  70  STATrUNT  ’Of. 


,  BurrfB  rc»  BANG *S  Pf  TVEEM  COW-  TUBM.no  POINTS.  UP  T^A  **„*«  Or  ?5  I 

O  -CST  .CST  ,  yAPT  .AW., 

STAtr^CNT  X5>  J  ,  T  *T  t 

Ir  T1PC>W  THEN  TT(T  W  TH»  f!  BANGTS  in  CTCir.  TfPV.N.Tr. 
STATEMENT  TO*.  V.T*P'-.T  .  ’V”  *\l*V  ’V  V  "V*’ 


I  Ttst  r#ft  turning  point  J 


statc'-cnt  10C.  I*-  M  ic*  or  «eR  r*  ?icff  then  ?<*r,t.zco,\  zCB,T-r.  cc  1  ■cnfC 


ANO  GT  TO  STATE»CNT  200  f’.SE  RETURN. 


TORMAT  201  RANCt  JT  NOT  ON  TRACE  Cf  INITIAL  ANC*  E  Y  • 

STATEMENT  POO.  ir  0*-0  THCN  «ETUW.  IT  ?0C" '  '  <J'’° ' T  THEN  '  . 

E-'N.jCOIT  0T<pul5t  J***.,'*”.  j«IN.  jOCBIT. 

)  wBiTi-o  on  tape  ri»:yi  surrrB  -*ch  tuning  points  tocK)  > 

rBOH  K-0  TO  T,Pr-l  LOOP  STATr*CNT  »CT.  r 

w0-Pr0UW,«.  «,„•»,  W,,-(w0^/?fO)  ’NO  V?.JV,W.  W^.r  ..  w6~  V»  K 

(  TCP  CTP^urr  u  -Ou)  »w>  vpitc  ’aty-  u0,p,?,t<- 


ST.7CMENT  *01  . 

T10f.O,  0K-0  .  BCTUBN. 


(  C.CCUC.TIQN  or  .TTEWJ.TION  ( 
SUBBOUTINC  (ATTENUATION). 

°*V  >Tt,  P-T*. 

ir  7SE°  00  TO  STATE PENT  130. 

If  BSE°  00  TO  STATEKNT  131.  BCTUBN. 


STATEMENT  130.  SH-SM*1  .  00  TO  STATE*CNT  13?. 

STATfXNT  131  .  S^-SB*7  .  CO  TO  STATEMENT  15. 

STATEMENT  ’3?.  EBO.  0-0  TO  N>-’  -C  B^AB  TNEN  S-0  .*>  00  TO  STATEMENT  ,7. 

TYPE  ATTENUATION  CONSTANT  EBBOB  (SUPEaCE  ).  TEB-INATf.  STOP. 

STATEMENT  15 .  EBCH  K-0  TO  NB-1  IE  B°R>B  TWN  B-K  AW5  OO  TO  STATEMENT  ’*  • 
TYPE  ATTENUATION  EBBOB  HEBE  (90TTCM) .  TES“INATE  .  STOP. 

STATEMENT  A* ARCS  IN  T?. 

ATT«ATr)tf*l(a,»  ,PW)» 

RETURN. 

STATEMrNT  17.  ATT-ATTxtj.  PfTLRN. 
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1 

j 

i 

! 

\ 

\ 

1 3)  A-183-U1  Ray  Depth  Distribution  Program  -  Pass  3:  \ 

Reads  sort  output,  prints  Ray  Depth  Distribution  Table  and  j 

writes  tape  for  plot  program.  Sample  printout:  Chapter  I,  Fig.  11. 


i 
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{  PASS  3  RAY  DEPTH  DISTRIBUTION  GE  532,  A  133  U1  } 

1  PROGRAMMED  BY  HOWARD  L.  DAVIS  F:i>.'  OR.  W.A.  +:.*  GY  ) 

TYPE  RAY  DPPTH  DISTRIBUTION. 

TYPE  (  GE  532  (  A  1S3  U1  )). 


AVX)  1,2  AND  RVA)  2,2. 

READ  CARO  N,M,o.  |  NUMBER  OF  RAYS  OR  INITIAL  ANGIES  SAME  AS  TOR  PASS  l} 

{  DECIMAL  f  RACT ION  OF  PAPER  TO  RE  USED  FOR  TIME  PLOT,  MAXIMUM  jcTTOM  DPETH  TC  PC  FUUNO  } 

UPPER  C-225  ,  W>3600.  FROM.  Q=C  TC  INFINITY  LCOP  STATEMENT  TOO. 

0-1. 

FROM  L-O  8Y  16  TO  16(N-1  )  «EAO  TAPE  W,  ,1,2, IF-.  AND  IF  EOF  2  GU  STATEMENT  101 

ELSE  IF  Wl+5S28  THEN  G-(  G+l),  Cg»WL4;j.  TM,N-TMAX=C0. 

FROM  P-0  TO  G  IF  TMIN>lp  THEN  TM,N=Cp  ELSE  IF  T^CCp  THIN  T**^,..,  . 

P»(TMAX-TM,N)/(120M  ). 

SLEW  TCP. 

H1PMAI  300  1  y  ILIWINATED. 

FCPfTAT  200  y  y  RANGE  NOT  FOUND. 

format  ftco  y  y  y  y  y  y. 

P°INT  MESSAGE  (  RAY  DEPTH  DISTRIBUTION). 

Slew  2.  from  oo  by  ic  to  i6(n-i)  if  (wg+14Wg+7)  <20  then  o-tV^+v^  and  go  statement  io->. 

STATEMENT  Uoi. 

PRINT  FORMAT  10O,  WQ,  D,  P,  0+1. 

F ORMA T  ino  RANCE  y  BOTTOM  DEPTH  y  TIME  SCALE  y  COUNT  xxx. 

SL EW  2.  PRINT  LABEL  (  COUNT,  INITIAL  ANGLE,  DEPTH,  ATTENUATION,  TIME,  ANGLE). 


FROM  G«-  0  BY  V  TO  lF(N-l  )  LOOP  STATEMENT  9J. 

IF  WC+J>2B  THIV!  (  IF  THEN  PRINT  FORMAT  202,  (G+l6)/lr  ,'•%'<>  ji,  ELSE  DR|NT  FOR'-'AT  200,(G+l(?Vl<r,  1 

AND  (FROM  L-G  TO  G+15  OPUTt  WL*2«),  AND  GO  TO  STA  iFI-'FNT  50. 


P.'INT  FORMAT  ft 00,  (G+l*)/lF,  V^,  W^,  W^,  ARCSIN  W^.  . 

wc+n*  °»  wc+io=  - ^ (vg+s-',M IN )A t,max-tm ' ,v)  +p(»Hi.f)/i2C  ),  wr<4i:-o. 

FOR  >.-0(1)35  COMPUTE  VL+,,--V'c+L  . 

STATEMENT  50.  WRITE  TAPE  ’.'<.,2,2,3 '. 


STATEMENT  ?v.  CONTINUE. 

EOF  2,?. 

ST  AT ;  VENT  ion.  CONY  INI'  .  5  TATEMf-'T  1  "'3  . 

FH  •<  L-n  T"  30  r.T.Ti  TC  r0F  1,2. 

•vr.  I  If  •Tfll’ltx  PLOT  .  'O'  1,2  :D  :'.T.  2,2.  >;  I.D  'f  P/'r  ;i:"  l.l. 


Best  Available  Copy 


l4)  A -1 95-  U1  Type  III  Intensity  Program  -  Pass  1: 

Reads  ray  trace  output  tape,  calculates  transmission  loss  for 
specified  ranges,  and  writes  tape  for  sort  program  (A-188-G1). 
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{  PROGRAM  NUMBER  5<*7  BY  HOWARD  DAVIS  TOR  DR.  W.A.  HARDY) 
TYPE  INTENSITY  HI  (  A  195  Ul). 

SPLLIAL  VARIABLES  RFOUND.ATT,  EOT. 


j  PROGRAM  NUMBER  5^7  BY  HOWARD  DAVIS  FOR  DR.  W.A.  HARDY) 

TYPE  INTENSITY  111  ROBERT  MINI  NGHAM  RAY  TRACE  SYSTEM  NUMBER  (  A  195  Ul ) . 

SPECIAL  VARIABLES  RFOUND.ATT,  EOF. 

DIMENSION  T-l6,  WW16,  2-3,  ATT-5 ,  X-5, 

UPPER  R^— 200,  (3-200,  T-(3,15),  0-500,  R-500,  R-501,  AJ-500,  a-500,  Zr-5O0. 

{  M.NUPBER  OF  INTERVALS,  Nfl-NUMBER  OR  RAYS  TO  BE  PROCESSED,  0-SURrACE  ATTENUATION  COEFFICIENT  } 

|  £R.ALLOWABLE  VARIANCE  IN  RANGE  IDENTIFICATION,  E®«.ALLCWABL E  VARIANCE  IN  ANGLE  IDENTIFICATION! 


READ  CARD  M,Nfl,0,  ER,E9.  0-0.  IF  M>500  TYPE  (  TOO  MANY  INTERVALS  TERMINATE),  STOP. 

SLEW  TOP,  LABEL  (  NUM  INTERVALS, NUM  ANGLES, EPSILON  R, EPSILON  THETA, SUR  ATT  COEFF )  , 

AFC  PRINT  M.N®,  ER,E°,o. 

SLEW  2,  LABEL  (  RANGES). 

{  READ  IN  RANGES  AT  VAIICH  CALCULATIONS  ARE  TO  BE  MADE  ) 

FROM  L-0  TO  500  REAO  CARD  R^  IF  RL«9999991  THEN  (  NR-L,  (FROM  P-0  TO  L-2  IF  Rp+jSRp  THEN 
TYPE  (  RANGE  INPUT  ERROR)  ,  STOP), GO  STATEMENT  301 )  ELSE 
PRINT  Rl. 

TYPE  (  MORE  THAN  501  INPUT  RANGES  TERMINATE  )  ,  STOP. 

STATEMENT  301. 

SLEW  2. 

LABEL  (  RANGE,  BOTTOM  ATT), 

1  READ  IN  RANGE  AND  ASSOCIATED  BOTTOM  ATTENUATION  COEFFICIENT  | 

FROM  L-0  TO  200  READ  CARO  R^  AND  IF  RPL-9999992  THEN  (  N&-L,  (FROM  P-0  TO  L-2  IF  R^p+jS^p  THEN 
TYPE  (ATTENUATION  RANGE  INPUT  ERROR),  STOP), 

GO  STATEMENT  308  )  ELSE  READ  CARD  ft  ANO  p 

L  PRINT  rPl>Bl, 

TYPE  (  MORE  THAN  201  ATTWUATION  INPUT  RANGES  TERMINATE  ),  STOP. 

STATEMENT  302.  SLEW  2. 
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|  READ  IN  WAVELENGTHS  ON  CANOS  | 


LABEL  (  WAVELENGTHS).  FROM  L-0  TO  5  RE  AO  CARD  *L  IF  ^-9999993  THEN  (  Nx„l  ,  00  STATEMENT  303) 
ci.  or  PRINT  »L  ANO  AHl*1. 

TYPE  (  MORE  THAN  5  WAVELENGTHS  TERMINATE),  STOP.  STATEMENT  303. 

RWO  1,2  AND  RWD  2,2  AND  RLC  3,1  AND  R31.o. 

1  R31»0  MEANS  TAPE  3,1  IS  IN  REWOUND  CONDITION  ,  R31-l  MEANS  TAPE  3,1  IS  NOT  REVBUND  ) 

LABa  (  RANGES.  BOH  ATTEN,  WAVE  LENGTHS),  PRINT  NH,N^fNx. 

IT  w'Vl^ejooO  THEN  TYPE  (  OUTPUT  TAPE  2,2  WILL  BE  OVERLOADED,  TERMINATE  ),  STOP. 

READ  AW.  PRINT  LABEL  BT  SCATTERING.  PRINT  AAA. 

TYPE  (  CARD  INPUT  COMPLETED). 

C0UNT-0. 

i  fr.1  MEANS  MINIMAX  FOLIC  EOF-1  MEANS  EOF  FOUND  ) 

{  KEEP  READING  TAPE  UNTIL  A  TURNING  POINT  IS  FOUND  THEN  TEST  FOR  RANGE  STATUS) 

{  THE  BEGININQ  AND  ENS  OT  EACH  FILE  IS  TREATED  AS  A  TUWING  POINT  ) 

STATEMENT  3. 

READ  TAPE  TQfa,2,5  AND  IF  EOT  2  THEN  GO  STATEMENT  3  ELSE  ac.Tg,  ZCRIT.Tj,  RC-T0, 

«-(X80/t)ARCSIN(T2),  ZBI-Ti,  apo,  eof-o,  J-0. 

1  ZBI  IS  THE  INITIAL  DEPTH  AT  ORIGIN  ) 

FROM  L-l  TO  N*  COMPUTE  ATT^-l  and  Tl+6-1.  WRITE  TAPE  Tq, 3,1,16  ANO  R31-l. 

\  RFOUND  FROM  ZERO  EACH  NEW  TIME  THROUGH 
STATEMENT  k.  RFOUND  -0.. 

STATEMENT  5. 

READ  TAPE  T0,l,2,5  AND  IF  EOF  2  THEN  frl,  EOF-1  ,  GO  STATEMENT  206  ELSE 
CALL  (  ATTENUATION),  imCl  ,  WRITE  TAPE  TQ, 3,1,16  ANO  R31-l. 
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I 

i 


d 


STATEMENT  110.  ZH  (P-AM^  , 

IF  ZM'N<Z<ZM*X  THEN  Qp+1-1 ,  00  STATEMENT  111. 

IF  ZM,N>Z  THEN  SM,N-0  ELSE  SMIN-1.  IF  Z^SZ  THEN  S^-O  ELSE  S^^l. 
aP+l"RP+l“P'  iJp+rZ '  QP+1*0, 

IF  (  4.0  AND  $***-0  ANO  rLAGa-0)  UP  (<>1  AND  SM,N-0  AND  rUG2-0)  THEN  Qp+1-1  ,Rp+1-RCN,ap41-aCN , aJp+1-ZNCR  1 T,  FlA<le-l 
00  STATEMENT  18. 


STATEMENT  111, 

IF  FLAQ1-0  THEN  ap-aC,  Rp-RC, 


.J  .CHIT 

a  0-z  , 


flagi, 


l. 


READ  TAPE  W0,3,l,l6  ANO  R31-l,  IF  EOF  1  THEN  TYPE  (  EOF  ERROR  TERMINATE  ), 
LABEL  (P.W(O), THETA, DELTA),  PRINT  P,Wu>0,A,S  AND  STOP. 


FROM  Y-0  TO  15  COMPOTE  Tq  y*Z1  Y*  Z1  Y**Z2  Y*  ^2  Y*^Y* 
STATEMENT  120.  \  CROSS  OVER  2} 


IF  4.0  THEN  (  IF  Wj<Z  THEN  GO  STATEMENT  111  ELSE  GO  STATEMENT  112). 
IF  Wj>Z  THEN  00  STATEMENT  111. 

STATEMENT  112. 


READ  TAPE  V0,3,l,l6  AND  R31-!.  IF  EOF  1  00  STATEMENT '207  ELSE  (  FROM  Y-0  TO  15  COMPUTE  T3(Y-Wy). 
00  STATEMENT  150. 

STATEMENT  207.  FROM  Y-0  TO  15  COWRITE  T3>V-T0>Y. 

E31-l.  i  MEANS  EOF  ON  31  HAS  BEEN  HIT  ( 

STATEMENT  ISO.  FROM  Y-l  TO  3  COMPUTE  Zy“TYti* 
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fAU  (  <•*!»<*.  AM,  A.*,,.  | 

it  pam  thln  co  statement  je. 

tr ""  < "■  i  ».,»  » „  ri5t 

;;  1  ,r  ...» « 

If  t  -1  THIN  0K-1,  (JO  MAT  (XT  NT  Coo. 

If  -0  then  (  IF  t3(1^  (^t-um)^  then  0k.j}  ,  m  statement  600i 

IF  T3,lsl  (f’+l-dM)A7|  THEN  oK«l. 

statement  coo. 

If  o  .1  THCN  H.P+1  ,  Qp+1.l,  2=f  (P-AM)a7|  ,  GO  .STATEMENT  1^0. 

STATEMENT  in.  ,1  PCM  THEN  (  FROM  Y.O  TO  IS  COMPOTE  f  „T  T  T  > 

3,T  TP,Y-  T?,y"73,Y*>  f-P+l,  GO  STATEMENT  n 

FROM  l-2  TO  MfT  LOOP  STATEMENT  666. 


VrfJ+S.REOUNU>  <  ,NPIJ7  R*nge  VALUE  |  w  ,.J  .  J  ,  . 

W^v/lSOje,  (INITIAL  ANCLE  Of  HAY  IN  RADIANS  I  1  '*  L-1’  '  REPTH  UlffERENCES  USING  REAL  END  POINT 

W3*°L»  (  interploated  tangent  angle  I 
wit°l  .  )o  om)  j 

w5“a  L>  <  depths  including  REAL  END  points  ) 
w6”Vrl-i«  <  interpolated  range  uieeerlnces  (  ,rHOM  v  n  T.  ,  „ 

(erom  y.o  to  u  computc  wv,,-t„  „) 

w12- I  (  l-2.a(m-i))*W,  w  r  ,  ^  S>f+7 

W13*z  S>  (  KIT  TOM  DEPTH  AT  iwnjt  RANGE  } 

WlA“  rCN-RC,  {  local  RANQE  INTERVAL  > 

Wis“  V  I  (  L-S.a(M.l))l  /JOOOO  ,  j  SORT  VARIABLE  ( 


WHITE  TAPE  WQ, 2,2.16. 

STATEMENT  666, 
CONTINUE. 
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STATEMENT  512 


FROM  P-0  TO  4  COMPUTE  Tp+7-ATTp.  RETURN. 
STOP.  SUBROUTINE  (  INTERPOLATION). 


IF  ^2,1  THEN  aP+rT2,2'  RP+1“T2,0*  00  3TATEMENT  352. 
RP+1-  (7~Zg)(2'73)Tl,0  +  (Z-Z1)(Z-23)T2<q  (Z-Z 

(Zl'Z2)(ZrZ3}  (Zg-Z1)(Z2-Z3)  (Z3 


o  -  T  _j.(Z**Z«)  (T«  g) 

aP+l  1,2  +  l 

<VZ!> 

STATEMENT  352.  &Jp+1-Z. 

RETURN. 

FINISH. 


1><Z-Z2>T3.0 

.  * 

-z1)(z3-ze) 
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1  5 )  A-185-U1  Type  III  Intensity  Calculation  -  Pass  3: 

Reads  sort  output  and  prints  table.  Sample  printout:  Chapter  I,  Fig.  15. 


■2  94- 


\  PROGRAM  5*9  MININGHAM  NUMBER  A  185  U1  ( 

TYPE  (A  185  U1  )  . 

OO. 

DIMENSION  W-16,  A-5  . 

UPPER  ATT-250,  F-250,  0-250,  ^-250,  a-250,  9-250,  AJ^250  . 

FUNCTION  D(E)-9.5xlO-3/(E)2  .  FUNCTION  0{A,B,CM(S IN(6.28A/BSIN(C ) )  )S  . 

SLtW  TOP  AND  PRINT  MESSAGE  (TYPE  111  INTENSITY'  CALCULATION  (A  J85  U1  )  PASS  3). 

READ  CARD  NTP,nP,n,NR,ZI ,r  . 

SLEW  1  AND  LABEL  (TOT  NUM  ANGLES,  NUM  ANGLES,  HUM  INTERVALS,  NUM  RANGES,  INITIAL  DEPTH,  SMALL  R). 
PRINT  N1P,NP,N,NR,z',r  , 

SLEW  1  AND  LABEL  (WAVELENGTHS)  . 

FROM  L-0  TO  5  REAU  CARO  XL  AND  IF  >L-9999991  THEN  NX-L ,  GO  STATEMENT  2  ELSE  PRINT  X  . 

TYPE  (MORE  THAN  5  WAVELENGTHS  TERMINATE),  STOP.  L 

STATEMENT  2. 

FROM  M-0  TO  NX-1  j  NUMBER  OF  WAVELENGTHS  )  LOOP  STATEMENT  26. 

RV®  1.2. 

TYPE  (  NEW  WAVELENGTH  )  . 

IF  THEN  n~l  ELSE  n-0  . 

FROM  Y°  -1  to  NR  (  NIXBER  OF  INPUT  RANGES  f  LOOP  STATEMENT  25. 

0K-1. 

FROM  Y-l  TO  N  )  NLMBER  OF  INTERVALS  )  LOOP  STATEMENT  24 
D^-l.  "  ' 

CALL  (  TAPEOREAD). 

IF  0K-1  THEN  CALL  (  SET  UP),0K-0. 

CALL  (  INTENSITY  CAL  ). 

PRINT  FORMAT  1*0,  Y,Z,TL. 

STATEMENT  24.  STATEMENT  25.  STATEMENT  26. 

TYPE  (END  OF  PROGRA,.,  ).  STOP  . 


SUBROUTINE  (  TAPtOREAO  )  . 

zc'.o. 

f(WM  L-l  TO  NP  tone  STATrMTNT  in  oc»r.  r.»r  *-^0  ,  (  INPUT  SAnC.ES  ) 


»L-WB  ,  4  INITIAL  ANGLES  t 

Oj-Wj  ,  |  TANGENT  ANOLES  I  0,^-W,,  ,  )  EITHER  0  OR  1  ( 

4lL-W6  ,  (  RANGE  INTERVAL  FOR  DEPTH  INTERVAL*  ATTl-WM47>  (  ATTENUAT  ION  FOR  THE  M™  WAVELENGTH  | 

(  IF  W3<10000  THEN  T-W12,  ZCI-ZC,+l)  ,  1  DEPTH  FOR  CALCULATION  I  Z*“WT3  »  <  B^O1  DEPTH  *T  RANQE  ) 

\  LOCAL  RANGE  INTERVAL  )  . 

IF  Wj>10000  THEN  O^W^+l. 

IF  z'-'-O  THEN  Z-O. 

STATEMENT  10.  RETURN  .  STOP  . 

SUBROUTINE  (SET  UP).  SLEW  TOP  , 

PRINT  MESSAGE  (  TYPE  111  INTENSITY  CALCULATION  ),  SLEW  1,  PRINT  FORMAT  10,  R,  Y0U,  PHI  . 

PRINT  FORMAT  20,  Z*,N  ANO  SLEW  1  ANO  PRINT  MESSAGE  (  NUP6ER  OF  ANGLES  ),  PRINT  NP, 

SLEW  1  ANO  PRINT  FORMAT  30,  . 

SLEW  3  ANO  PRINT  MESSAGE  (  COUNT  Of  PTH  TRANSMISSION  LOSS  ). 

FORMAT  l»0  uu  y  y  . 

SLEW  1. 

FORMAT  10  RANGE  XJUUXXX.X  NAUTICAL  MILES  XX X  RANGE  OT  XXX  WAVELENGTH  . 

FORMAT  20  BOTTOM  DEPTH  xxxxju.x  ICTERS  DEPTH  INTERVALS  LWxxx. 

FORMAT  30  WAVELENGTH  xxxxxx.x  METERS. 

RETURN.  STOP. 


SUBROUTINE  (INTENSITY  CAL). 
o.XM.  IF  ZSXMr  THEN  F-l  ELSE  F-0. 


i1  ,cos(«.) 

(ATT  ,(G(Z,X  ,o  ,)F+l-F)iO(Zl,XM,»,)u+l^x)  — , -  Q.) 

J  M  i  M  J  S^jCOS(a j )  J 


T*--  10L0G 


-RO(o) 


2215Z*nTPR 


>r 
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16)  A-196-U1  Multiplot  -  Pass  1  : 

Selects  ranges  to  be  plotted  from  ray  trace  output  tape  and  writes 
tape  for  sort  program  (A-188-U1).  Sample  multiplot:  Chapter  I,  Fig. 


1  7 )  A-  1  89-  U1  Type  II  Intensity  Calculation  -  Pass  1; 

Roads  ray  trace  output  tape,  calculates  transmission  loss  for 
specified  ranges,  and  writes  tape  for  plot  program  (A-200-UI), 
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I  PASS  1  TYPE  11  INTENSITY  CALCULAT  ICW  Ot  5M  (A  189  U1  )  f 
<  PWOQRAI+CD  BY  MOW*  ©  L  OAV I S  TOO  W  A  HAROY  ) 

FUNCTION  8E(A,u,C)»(A/l.3<j)2-H2B.55(CSIN  A)2,  (yu). 

FUNCTION  UM(AfU,C)-l/{rBt  (A'U,C)). 

OO. 

TYPE  INTENSITY  TYPE  11  . 

TYPE  (  GE  >41  t.  A  I8y  Ul)). 


SPECIAL  VARIABLES  ATF»(9,18),  ATT-10. 

DIMENSION  U.tfi,X-iniRF-l8/  7.10,  u.  i  8,  TF-18 .  B-10, 

UPPER  H-1000,R°«5uO,  tv. 500. 

SLLW  TOP. 

\  READ  IN  EPSILON  RANGE,  DIFFERENCE  BETWEEN  ADJOINING  RANGES,  NUMBER  CF  RAYS  TO  BE  PROCESSED  | 
i  SURFACE  HIT  ATTENUATION  COEFFICIENT  I 
READ  CAKO  ER,A,D%9,y. 

LABEL  (  RANGE  DIFFENCE).  PRINT  A.  SLEW  1. 

LABEL  (  DUMMY).  PRINT  DU.  SLEW  1.  LABEL  tEPSION  RANGE  ,  NUM  01'  ANGLES,  oURFACl  COEFF  ), 

PRINT  ER,n0,7.  SLEW  2. 

LABEL  (  RANGES).  (  REAO  IN  CENTER  RANGES  | 

FROM  L-0  TO  1000  READ  R^  AND  IF  R^= 9999991  THFN 

(  NH-l  AND  (  FROM  P-0  TO  NR-2  IF  Rp+1SKp  THEN  TYPE  (  RA..GwS  NOT  IN  ASCENDING  ORDLR  TERMINATE)) 

AND  GO  STATEMENT  75)  ELSE  PRINT  R^ . 

TYPE  <  MORE  IRAN  100a  RANGES  .N  INPUT  BY  CARO  ).  STATEMENT  75. 

SLEW  2. 

PRINT  MESSAGE  (  MINIMUM  RANGE  BOTTOM  ATTENUATION'). 

|  READ  IN  RANGE  AND  BOTTOM  COEFFICIENT  UP  TO  THAT  RANGE  I 

FROM  L-0  TO  500  READ  R^L  ANO  IF  R^  -0999992  THEN  (  N^-L  «N„  (  FROM  P-0  TO  N(,-2  IF  RPp+1SRF  THCN 

TYPE  (  BOTTOM  ATTENUATION  RANGES  ANO  COEFFICIENTS  NOT  I,.  ASi.ENl.ING  ORDER))  AND  GO  STA1I  M,  NT  76)  ELSE 
READ  PL  AND  PRINT  R(1  , . 

TYPE  (  MORE  THAN  501  BOTIOM  ATTENUATIONS  FOUND  CONTINUE). 

STATEMENT  76.  t  ABEL  l  WAVE  LENGTHS).  T..OM  L=0  TO  9  IIT AD  Xp  #,N0 
IE  “9999993  then  (  N^-L  AND  (  GO  STATEMENT  8s)  )  ,  1  „F  PRINT  Xp. 

TYPE  (  OVFR  10  WA.F lFNGTHS  CONTINUE). 

STATEMENT  «5  ,  TYPE  (  C..HP  INPUT  CwMPl  ETf  0) . 

SlJW  2.  I  A(l(  L  (  MUMPER  RANGES,  NUM  rtOTT  ATT  ,  NUM  WAVT  l  TNC  TH  ) .  IPINI  NR,H:',Nl. 

RWD  2,2  AND  RWD  1,2. 


-  <00- 


o 


i  processing  or  riRST  18  rut  .race  rang-:) 

STATEXNT  100,  H.l, J-0,CTt^-l8,  C‘lHC— IS. 

rBCK  L-0  TO  S  CCXtllC  ATT. -1  VC  (  (ROM  8-0  TO  1C  CO**T/ll  ATT  -O). 

L 

STATEMENT  l\.  . 

READ  TAPE  T0,1,2,J  I.  for  2  CO  STA.EXNT  101  USt  Nt>W>' *1,  ►ARCS IN  Tj,  C-LL  (  ATTEXATItt.). 

TROW  0-0  TO  lu  REAO  TAPE  T0,l,2,5  If  COT  2  TYPE  (  EOT  IN  FIRST  16  RAXIS).  VC  STOP  ELSE  CALL  (  ATTEXATICN). 

1  TEST  RANGE  IS  TO  6C  SV»t  IT  IS  NOT  TO  LARUJ 

ir  T0>R0  TnCN  TYPE  (  TIRSl  RANGE  LONER  THAN  18  TH  RANGE  CH  RAT  TtWIINAU  )  tSC  ST0-. 

|  NORMAL  PTCCESSING  BEGIN!) 

roPMAT  102  RANGE  y  Oh  TRACE  LARGER  THAN  y  IN»VT  >AACf  y  DELTA  y. 

STATEMENT  102, 

READ  TAPC  T0,l,lt,S  AfC  If  'or  2  CO  STATEMENT  200  ELSE 
CTB0.CT’°Ai  ANO  If  T0<0  00  STATEMENT  200  ELM  call  <  ATTTWCATKN). 
ir  TgARj-OC**15  *cs  THEN  PmInT  TOAAAT  102.T0.bj«C>'Cl.  Rj.c  ". 

ir  TgjRj  ♦ac^-c"  oo  statexnt  102. 

i  -ijh  PANCE  IT  TOlNfl 

L-c"*/2  »9. 

RfL*Rj»«W!C,  W  <^-Af>CSIN  T?,tfl*T3,Rl.T(i,  (  T«,v  P-.'  to  n*-1  COMPOTE  ATT.^-ATT.). 

cAPG.caRG<2  _  |(r  L-1g  Tf)tN  cl«  ,lfl  *  j. j,,  ««, 

CO  STATEMENT  103  ELSE  OU  STATEXNT  10T. 

STATEMENT  103.  T..OM  C-0  TO  IS  LOOP  STAUXnT  109. 

wo-’,rc-wr7G,w2~fc*  wCrc.  «l-8c.  V"'  1  ror“  P*°  T0  H'-1  cc**v,t  W6AP‘MrP.c'  * 

W9lTf  UK  W0#?,r,*|o  . 

STATIST  109.  ir  M3  00  STATtKNT  »0.  If  J^U°  THIN  CO  ytAVvf.T  1^*.  »r  H  *<N*  00  STATCKNT  lOO. 

COT  WC  (  [Af'  p»v~-.»£».  ■  •  r  r.is^  r/wf  (kritsiw 

\  T  l  RV I  NATIONS  ) 

STATTMCNT  200.  .WO. 

i-c™/?  ♦  «. 

ir  xnr  THfN  (  rnoM  ol  to  ip  compute  jC  v/-r'  .  r*%  :  r<*>»  o-o  to  n'-i  ccxvrt  »Trp  0-o), 

c'^-C^P),  C‘,Rr'--V  ,  J-J41.  CO  -TATrKNT  10*5.  IT  U  ''<?i  0>»  /'»TATt**’  '  T  1". 

i  t  p,?  Ar.r  T>pf  (  (Ni  cr  p°ocpav  in  oiv  -/wi  T'  -^raT*? 


•  '  *  l?.i  l  ATTfM  AT  ION). 

ir  Tjir thin  akp  <  r  ••  .  *  •  -  **\  at?  •  *?.r  f*  *•« 

1.  T  .*.f  T'lf U  •  t!e  .  * 

f  .  >'  ».  N  -1  |f  -j  ^)T  TM'N  <V  TATrv*:*.!  1  . 

TV,  t  ,  .  T 1  '  \!V\.  ATI  *.'*i  ■  Vf  *  I  I .  M  *!»T  *  »  -  t  l  7 ;  "I* 

h-AI!t  IN  T,  A?*.>  {  I  ■-  *■*  l  -  *  ■  f.  - 1  .... 


st  Available 


1 8 )  A-184-U1  Type  II  Intensity  Calculation  -  Pass  3: 

Reads  sort  output,  prints  table,  and  writes  tape  £or  plot  program 
(A-200-U1).  Sample  printout:  Chapter  I,  Fig.  13. 
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J  IyP|  11  INI[NL!Tv  CALU.LA  I  PR.  l‘AV,  ( 

•,  PROGRAM  LUMBER  SAP  ,  IWX.HSMM  D  (’’’  HOWARD  L.  DAVID  FuW  DR,  w,A,  HAK1.V  ) 


ni’l  I  rvpf  II  intensify  rtirmnnu  uimiiu  Hi-  ) 
TYPE  (  GE  5U2  (  A  184  ul)). 

special  variables  ati.il. 

0-0. 


0 1  me  ns  1  on  7p-'j,  w.iC,  ( 

UPPER  lL-(?50,9),  Z.I'SO,  ATT. POO,  «-?D0, 

FUNCTION  G(A,0,C).4(\SIN(6.;’fiA/l)SIN  i))’’. 

function  YfA^n'-.c^)  -  (p(a,-b:’)/(c1))?. 

FUNCTION  D(  E  )«9. SxlO"^/(f )P. 

\  DIMENSION  OF  DIPT  HE  AND  BOTTOM  1)  I  EEL  RENCF  AND  INITIAL  BOTTOM  IN  METERS  NO  CONVERSIONS  MADE  \ 

(  INITIAL  DEPTH,  NUMBER  OF  NAYS,  TOTAL  NIMBI R  nr  RAYS,  ( 
i  SMOOTHING  FACTOR,  RECEIVER  AND  SOURCE  FUNCTION  CONSTANT  ) 

READ  CARD  ?HI ,Nrt,  Nr°,P,r. 

F’RINT  MESSAGE  (  DEPTHS). 

FROM  L.O  TO  P50  READ  Zl  IF  2^9999990  THEN  N7-L  AND  (  FROM  L-0  TO  N7.;'  IF  ZL+15ZL  THEN 
TYPE  (  DEPTH  INPUT  NOT  IN  ASCENDING  ORDER))  ,  GO  STATEMENT  103  ELSE  PRINT  ZL. 

STATEMENT  101, 

IF  N7)2sr?  Then  TYPE  (  MORE  THAN  P'jl  OEPTHS  TO  MANY), 

LABEL  (WAVELENGTHS). 

FROM  L.0  TO  9  READ  CARD  *L  AND  IE  ^9999091  THEN  (  NX,L  AN0  Q0  SUTfMENT  8s)  ELSE  PR|NT  ^ 

TYPE  (  MORE  THAN  10  WAVELENGTHS  CONTINUE). 

STATEMENT  80. 

PRINT  LABEL  (  NUM  WAVE  LENGTH,  NO  ANGLES,  TOTAL  NU  ANGS.NO  DEPTHS  ,  SMOOTHING  FACT,  INIT  DEPTH 
PRINT  Nk,N®,  NT0,NZ,P,ZBI,  r.  SLEW  TOP. 

NR-0,  NP-0. 

STATEMENT  107, 

FORMAT  S  TYPE  11  INTENSITY  CALCULATION  (A  ISA*  Ul  )  XXXX. 

FORMAT  10  CENTER  RANGE  y  NAUTICAL  MILES. 

FORMAT  ?0  BOTTOM  DEPTH  y  METERS. 

FORMAT  30  WAVELENGTH  y  SMOOTHING  FACTOR  y  NO  ANGLES  y. 


;oj- 


SMALL  R  ). 


{  READ  FOR  ONE  angi  F  r*jrr  r.'RST  3^3 
AW.NZ. 

*■- 1,  0-9. 


STATEMENT  500. 

RWD  1.2. 

MAN  THEN  TVPC  (  PROGRAM  COMPLETED)  AND  STOP.  NR.0, 
IF  Z  THCN  r-1  CLSC  f«0.  STATEMENT  600, 

rROM  L-0  TO  o  LOOP  STATEMENT  10. 

K-0, 

FROM  S-0  TO  N®-1  LOOP  STATEMENT  6.3, 

READ  TAPE  W0,1,P,16  AND  IF  EOF  ?  GO  STATEMENT  ?01 

?VV  “S“W2.  °S"W5 »  *Hs-W6+m. 

,F  ATT$*°  THEN  K'»<+1  else  R.wc,  z\.wx+wu. 

STATEMENT  63, 

IF  ION®  THEN  GO  STATEMENT  POP. 


CALL  (  INTENSITY  CALCULATION  ). 
STATEMENT  53.  CONTINUE, 


STATEMENT  10. 


IF  0-8  GO  STATEMENT  11. 
SLEW  TOP  .  PRINT  FORMAT 


STATEMENT  ip.  NR.NR+1 . 
5,  N  .  PRINT  FORMAT  10, 


R. 


PRINT  FORMAT  30.  A^.P.N6.  0-8  .  SLEW  2. 


print  format  11. 


PRINT  FORMAT  PI .  ZB  .  70  ?B  ,B 
0’  1»  ‘  2'  L  31 

SLFW  P.  FROM  L-0  TO  N-l  PRINT  FORMAT 
GO  STATEMENT  600. 


rB 

Z  Z  5’  ?  ?B  7B  >B 
3  6'  1  7'  Z  8'  1  9’ 


1  '  ZL'TLL,0.Tl-L,T.*Tl-L  TL 

L'?  l*3'TLL,4'Tli,5'T!-l,6 


TLL,7'tlL,8'tll,9' 
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STAU'CNT  n 


SUW  3.  PRINT  roffcUT  1?.  G-9,  NP.NP+1. 

PRINT  ro**AT  77,  2S0,  Z8J.  28;,,28j,2%,  Z%,ZP6# 

SLCV  ?.  PROM  L-0  TO  N-l  PRINT  F0»4»T  7,  ZL,  Ttt.,0*T’-C,l'ItL,?'T,L.3'  UL<>.  Ul,Vftl,6*  ,lL,7',l«..t>* 

GO  STATE^CNT  600. 

STaTCNCNT  POT.  ir  L-0  A*  S-1  T*N  TYPE  (  COP  ok  CONTIN*)  A*>  go  stated  wo  use  PR.NT  format  PS.  S.n“ 

rCRWiT  £U  COT  LHHxjH  M  NCAO  jr  Of  ANGLE  y, 

SUTCKNT  P03,  TrPt  (  |»«WRCR  COf )  Af©  STOP. 

SUB  ROOT  INC  (  INTENSITY  CALCULATION). 

“•Sr 


STATEMENT  19. 


FROM  1.0  TO  N.X  LOOP  STATCpCNT  9. 

IF  TM£N  jS-Zj.  7t-Z8t.  6-0  6-1. 

)  CONSTANT  CONVtRTCO  FOR  XTCRSt 
ir  Z,SS R«-  TMtM  Hal  tLSt  M-°* 

p.-«0(u) 

T«02B[nT*R 

TL1(l-  «**» 

ir  A-0  TMCN  (  FROM  A-t*l  TO  N-l  COP**UTC  Tu^^RO).  Zj-Z5,  CO  5TATt><NT  9. 
STATtMCNT  9. 

RETURN. 

|  2ER0  ATTENUATIONS) 

STATEMENT  70S,  FROM  1-0  TO  N-l  CONrjTC  »■  .  L»0  .  2BL-0.  00  STATC»ChT  S3. 


N-l 

4“"' 


(l*(T-T(2J.2*j,iei)M)!0(2,,'.Wj)''-l-*'M0Ui.>M.oj)N»l-MHC0iS  •j)|.-T)/(COS  0j)  ) 


J 


row^AT 

1  XX XXX 

xxxx.xxx 

xxxx.xxx 

•XXX. XXX 

xxxx.xxx 

xxxx.xxx 
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The  present  program  must  be  regarded  as  an  initial  step,  a  prototype 
program  directed  toward  a  comprehensive  model  ol  long-range,  low- 
frequency  acoustical  propagation  in  the  deep  ocean.  Many  of  the  factors 
that  influence  the  propagation  are  introduced  in  an  admittedly  ad  hoc 
manner,  e.g.  ,  bottom  and  surface  reflectivity.  Other  problems  are 
avoided  by  the  introduction  of  special  restrictions  -  the  chief  example  is 
the  smoothing  of  the  effects  of  multipath  interference  structure  by  the 
demand  that  the  transmission  loss  calculation  be  interpreted  as  a  spatial 
and  frequency  average  in  comparison  with  experimental  data.  Finally, 
the  effects  of  diffraction,  a:'  they  arise  in  boundary  reflections  and  wavefront 
aberrations,  have  been  included  only  indirectly,  and  the  degree  to  which 
they  will  change  the  calculated  average  distributions  of  the  acoustical 
field  has  not  even  been  estimated. 

Despite  these  evident  limitations,  the  program  does  provide  a 
structure  for  appraising  the  effects  of  known  and  dominant  environmental 
factors  on  the  distribution,  arrival  structure,  and  intensity  of  the  acoustical 
field.  Indeed,  at  present  the  accuracy  of  the  program  is  undoubtedly 
limited  far  more  by  the  inherent  imprecision  in  the  data  inputs  of  the  sound 
velocity  field  and  the  sea  bottom  shape  and  reflection  properties  than  by 
lack  of  formal  treatment  of  factors  such  as  those  given  in  the  previous 
paragraph.  Also,  as  the  environmental  data  become  more  refined,  the 
treatment  of  these  effects  can  be  developed  more  precisely  and  used  to 
upgrade  and  extend  the  present  program  in  a  straightforward  manner. 

A  potential  user  for  the  program  should  refer  to  the  several  Data 
Specification  Forms  given  in  Chapter  I  of  this  report.  What  specification 
can  he  give  to  the  bottom  or  surface  reflectivity  functions  that  are 
required,  or  to  the  appropriate  source  and/or  receiver  directivity  func¬ 
tions  appropriate  to  his  application?  Similarly,  how  is  the  velocity 
accuracy  test  parameter,  e  ,  selected  and  what  determines  the 
density  of  initial  ray  angles  to  be  traced  or  the  number  of  bottom  hits 
allowed  before  a  ray  is  considered  terminated?  The  questions  demand, 
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of  course,  familiarity  with  the  structure  of  the  present  program;  more 
broadly  interpreted,  the  questions  become  open-ended. 

Central  not  only  to  the  application  of  the  program  but  to  its  develop¬ 
ment  and  evaluation  there  must  be  an  experimental  program  that  is  suffi¬ 
ciently  comprehensive  to  include  a  detailed  description  of  the  environment 
in  parallel  with  precise  measurements  of  the  acoustical  field,  It  is  to 
be  expected  that  the  process  of  comparing  predicted  and  experimental 
results  will  be  highly  adaptive  in  the  sense  that  initial  calculations  will 
show  which  factors  most  strongly  influence  the  acoustical  propagation  and, 
in  turn,  the  experimental  results  will  demonstrate  whether  such  factors 
have  been  under-  or  over-estimated.  For  example,  if  the  ray  tracing  shows 
that  the  dominant  acoustical  energy  is  propagated  by  paths  that  involve 
bottom  interactions  then  the  experimental  data  can  be  used  to  determine 
bottom  loss  parameters.  A  second  calculation  using  those  parameters 
can  then  be  compared  with  independent  experimental  data  and  would  be 
expected  to  orovido  improved  agreement. 

Over-all,  and  from  the  experience  of  Hudson  Laboratories  in  using 
the  ray  tracing  program  and  in  applying  it  to  experimental  data,  continuation 
of  the  pi  .mi  would  be  directed  in  three  categories  which  are  listed  below 
and  are  discussed  in  greater  detail  in  subsequent  sections: 

i)  Technical  improvements  in  the  present  program. 

ii)  Extension  toward  more  complex  environments  than 
can  be  presently  treated. 

iii)  Experimental  programs  which  either  supplement  the 
ray  tracing  program  or  provide  specific  tests  of  its 
predictions . 

8  1.  Technical  Improvements 

In  Chapter  VII  we  recognized  that  during  the  growth  of  the  program 
a  number  of  procedures  were  followed  which  have  been  shown  on  subsequent 
analysis  to  be  inefficient  in  computer  utilization.  They  were  not  corrected 
during  several  revisions  ol  the  program  because  of  the  expectation  that 
it  would  later  be  entirely  re- programmed  for  a  larger  computer  than  the 
presently  used  GE-235,  and  that  such  technical  improvements  could  be 
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accomplished  most  efficiently  during  this  process.  Apart  from  this  type 
of  specific  programming  for  machine  efficiency  it  is  believed  that  sub¬ 
stantial  improvements  could  be  effected  by  changes  in  the  structure  nf  the 
program  itself,  and  these  are  outlined  below. 

3.1.1  N-Parameter  Representation  of  Velocity  Profiles 

The  solution  of  the  ray  equation  by  iteration  demands  a  technique 
for  expressing  the  change  in  the  velocity  field  as  a  function  of  displacement 
from  a  given  position.  In  the  present  program  this  was  achieved  by  a 
Taylor  expansion  that  also  identifies  the  derivatives  of  the  velocity  field 
at  a  given  point,  i.  e  .  ,  considering  only  the  depth  dependence, 
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Only  the  quadratic  terms  are  included  in  the  present  program  (Chapter  III). 

If  the  expansion  (VIII.  1)  is  carried  to  the  n-th  order,  the  co¬ 
efficients  of  the  expansion  must  be  evaluated  in  terms  of  (n-fl)  or  more 
data  inputs  points  from  a  velocity  profile.  There  is  no  unique  form  or 
method  for  achieving  this  expansion  except  that  the  result  must  be  gauged 
with  respect  to  its  ability  to  represent  the  properties  of  the  actual  velocity 
profiles  in  the  real  ocean.  For  example,  it  has  been  noted  in  Chapter  II, 
Fig.  29,  that  the  4-point  Lagrangian  representation  can  produce  unrealis¬ 
tically  large  curvatures  in  the  neighborhood  of  individual  data  points. 

In  general,  however,  the  range  of  validity  of  (VIII.  1)  will  be  increased  for 
large  values  of  n  and,  if  the  iterated  solutions  of  the  ray  equation  are 
expressed  in  terms  of  the  coefficients  of  (VIII.  1),  the  length  of  the  iteration 
increments  can  be  increased  correspondingly.  It  follows  that  over-all 
computer  running  time  can  be  reduced  at  the  cost  of  deriving  more  complex 
iteration  equations. 

The  above  conclusion  assumes  that  the  velocity  profile  data  that 
are  entered  to  construct  the  velocity  field  are  pre-edited  such  that  the 
input  data  contain  not  only  the  velocity  value  but  also  the  coefficients  of 
(VIII.  1)  that  are  needed  for  the  expansion.  The  method  .is  most  useful 
when  many  rays  are  to  be  traced  because  the  input  data  are  processed  once 
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and  then  are  repeated  for  cadi  trace.  Indeed,  il' the  range  of  the  expansion 
(VJII.  1 )  can  be  made  large  enough,  the  velocity  accuracy  test,  i.  e.  ,  c  -test, 
is  no  longer  required  and  this  would  save  the  time  required  in  the  present 
program  for  i)  making  a  test  iteration,  ii)  determining  the  velocity  hy 
means  of  a  field  expansion  over  the  test  iteration,  iii)  computing  the  velocity 
given  by  the  velocity  field  construction  program  at  the  terminus  of  the 
test  iteration,  and  iv)  comparing  these  results  to  determine  the  accuracy 
of  the  projected  iteration  and  the  truncation  required  if  this  is  necessary, 
Also,  the  higher  order  repre sentation  of  the  field  expansion  would  smooth 
the  intermediate  coefficients  of  (VIII,  1)  so  that,  for  example,  the  curvature 
would  not  fluctuate  as  erratically  as  is  evidenced  in  the  real  data  values 
of  Table  s  5  .  3  .  1  . 


8.  1.2.  Direct  Calculation  of  Spreading  Loss 

In  Chapters  III  and  IV  the  spreading  loss,  or  magnification  function, 
was  determined  as  the  change  of  depth  for  rays  with  differentially  incre¬ 
mented  initial  angles.  It  is  well  known  that  this  change  can  be  also 
expressed  in  terms  of  the  local  field  derivatives  of  individual  rays;  Born 
and  Wolf,  *  for  example,  give  the  ray  intensity  I(r  )  at  position  r 
as  a  function  of  an  initial  intensity  In(rQ)  at  position  r ^  by 
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where  t  is  the  vector  ray  direction  and  ds  is  taken  over  the  ray  path. 

(VIII.  2)  is  readily  expressed  as  an  iteration  equation  similar  to  those  used 
in  the  program  for  computing  the  ray  positions  or  the  travel  time.  Also, 
the  intensity  distributions,  calculated  in  Chapter  IV,  can  be  re-expressed 
in  terms  of  the  "local"  spreading  losses  derived  through  (VLII  2) 

This  approach  was  not  followed  in  the  present  program  because 
the  formulation  of  Chapter  IV,  oriented  toward  the  estimation  of  ray 
densities,  is  more  general  and  does  not  require  the  detail  expressed  by  (VIII.  2)- 
This  decision  has  been  regretted,  however,  and  tile  tabulation  of  (VIII.  2) 
in  the  Ray  Depth  Distribution  Plot  tables  would  have  been  helpful  in  many 
applications  . 
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8.  1,  3.  Additional  Distribution  Plots 

The  Ray  Depth  Distribution  Plot  provides  a  summary  of  the  manner 
in  which  the  set  of  rays  with  differing  initial  angles  combine  to  form  a  field 
distribution  at  a  given  range.  The  plot,  with  its  associated  table,  lists: 

i)  the  ray  depth 

ii)  the  ray  angle 

iii)  the  travel  time 

iv)  an  attenuation  factor  based  on  bottom  losses  only. 

By  following  the  methods  given  in  Chapter  IV,  further  compilations  of 
these  data  can  be  obtained  as  weighted  distribution  functions  taken  with 
reopect  to  travel  time  or  arrival  angle,  and  thes"  can  be  plotted  individually. 
Such  plots  would  he  valuable  in  making  direct  comparisons  with  experi¬ 
mental  data. 

It  is  evident  that  the  distribution  routines  that  are  based  on  data 
from  the  ray  tracing  outputs,  i.  c.  ,  the  plot  routines  mentioned  above  as 
well  as  the  various  intensity  calculations,  are  similar  in  type  and  depend 
on  common  input  data.  In  terms  of  computer  utilization  it  is  efficient 
to  prepare  all  of  these  outputs  in  one  pass,  provided  that  the  computer  has 
sufficient  capacity  to  store  the  data  range  needed  for  the  computations  in 
active  memory  and  to  compute  all  of  the  independent  outputs.  This  has 
not  been  possible  with  our  present  computer  nor  has  sufficient  attention 
been  given,  in  view  of  the  fact  that  the  output  routines  were  developed  and 
programmed  independently,  to  a  more  optimum  program  organization. 
Considerations  of  this  type  are  mandatory  for  the  development  of  a  flexible, 
integrated  program. 

8.2.  Program  Extension 

Future  extensions  of  the  program  have  been  studied  and  planned  to 
provide  capabilities  for  the  inclusion  of  more  complex  environmental  data 
or  for  more  detailed  physical  predictions  than  arc  possible  with  the  pre¬ 
sent  program,  but  programming  in  these  directions  has  been  delayed 
pending  extensive  evaluation  of  the  predicted  results  of  this  program  with 
experimental  data.  Additionally,  many  of  the  extensions  not  only  would 
require  increased  computer  capacity,  but  also  they  involve  modification 
of  the  basic  ray  tracing  program  and  the  methods  by  which  data  are 
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introduced  and  used  in  it  The  examples  given  below,  therefore,  represent 
both  re- programming  requirements  as  well  as  theoretical  extensions. 

They  may  also  be  cited  to  summarize  some  of  the  limitations  of  the  pre¬ 
sent  approach  toward  acoustical  prediction 

8.  2.  1  .  Three-Dimensional  Modeling 

An  appraisal  of  the  two-dimensional  restriction  of  the  present 
program  has  been  presented  in  Chapter  VI.  One  conclusion  was  that  the 
bending  of  rays  in  the  azimuthal  plane  by  refraction  would  not  be  important 
for  the  prediction  of  sound  intensities  as  averages,  hut  there  are  other 
applications  in  which  it  would  he  useful  to  have  quantitative  estimates  of 
the  magnitude  of  such  bending  Formally,  the  extension  of  the  iteration 
equations  to  include  an  azimuthal  spreading  would  be  elementary  -  the 
real  problem  is  the  specification  of  the  velocity  field  to  include  transverse 
gradients  as  well  as  the  prescription  which  is  used  to  determine  these 
gradients  from  velocity  profile  data.  For  the  most  part,  it  is  the  opinion 
of  the  present  authors  (hat  in  long-range  propagation  involving  many 
multipath  contributions  the  deviations  from  a  great  circle  bearing  that  are 
sometimes  observed  in  azimuthal  arrival  angle  most  probably  represent 
bottom  scattering  rather  than  azimuthal  refraction. 

8  2.2.  Treatment  of  Bottom  Facets 

The  acoustical  scattering  from  a  contoured  bottom  slope,  especially 
an  extensive  slope  near  the  origin  of  the  ray  tracing,  has  been  discussed 
schematically  in  Chapter  VI.  One  approach  toward  this  problem  was 
outlined  in  Chapter  VI  and  consisted  of  a  method  for  compiling  the  avail¬ 
able  bottom  contours  to  determine  the  location  and  curvature  of  bottom 
facets  that  would  provide  specular  reflection  of  rays  from  the  ray  tracing 
origin  into  a  given  bearing.  Tire  ray  tracing  is  then  carried  through  in  a 
standard  manner  for  the  rays  that  are  purely  refracted,  but  the  bottom- 
reflected  rays  are  summed  over  the  facets  that  have  been  identified  and 
are  assigned  weights  that  depend  on  the  curvature  of  the  facets,  This 
treatment  is  especially  appropriate  for  long  wavelength  sound  and  for  bottom 
contours  that  change  slowly  compared  with  a  wavelength.  Finally,  the 
results  of  such  a  program  would  be  valuable  for  estimating  not  only  the 
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number  of  arrivals  that  occur  in  the  vertical  plane  at  the  origin,  but  also 
the  number  and  intensity  of  the  arrivals  with  different  azimuthal  angles 
at  the  origin.  Indeed,  ;nd  because  the  illumination  against  the  slope  will 
depend  on  the  position  of  a  source  in  the  far  field,  an  estimate  is  also 
obtained  of  the  fluctuations  of  the  azimuthal  arrivals  as  a  furction  of  the 
range  of  the  source  from  a  given  receiver. 

8.2.3.  Wavefront  Calculations 

It  has  been  emphasized  in  this  report  that  ray  tracing  in  real  velocity 
fields  using  a  dense  set  of  initial  angles  shows  significant  wavefront  aberra¬ 
tion  and  this  aberration  grows  with  the  range  of  the  ray  tracing  to  the 
point  where  distinctions  can  no  longer  be  made  between  a  normal  arrival 
and  arrivals  which  are  sub- structure s  of  an  aberrant  wavefront.  This  is 
clearly  evidenced  in  the  fluctuations  of  the  magnification  functions,  i.  e.  , 
the  slopes,  of  the  Ray  Depth  Distribution  Plots. 

Such  distortions  can  be  traced  to  specific  features  of  the  input 
velocity  field  data  and  are  related  to  the  fluctuating  curvatures  of  the 
velocity  profiles  as  these  are  shown,  for  example,  in  Table  5.3,  1,  It 
is  to  be  noted,  however,  that  the  curvature  fluctuations  arise  from  the 
particular  representation  of  the  velocity  profile  that  is  used  in  the  present 
program  and  that  this  is  an  intermediate  step  toward  achieving  formally 
correct  solutions  of  the.  ray  equation.  Because  the  ray  tracing  program 
uses  other  controls,  such  as  the  e  -test  and  that  of  the  semi- invariant,  the 
computer  solutions  have  averaged  the  curvature  fluctuations  and,  as 
shown  in  Chapter  V,  the  solutions  can  be  accepted  as  accurate  formal 
solutions  with  a  precision  that  is  determined  by  selection  of  the  program 
control  parameters.  Since  the  fluctuations  of  the  magnification  functions 
that  are  found  in  calculations  based  on  real  data  inputs  are  much  greater 
than  the  variations  that  occur  for  different  but  nominal  ranges  of  the 
control  parameters,  it  must  be  concluded  that  the  resultant  wavefront 
aberration  that  is  calculated  represents  a  physical  property  of  underwater 
sound  transmission. 

It  would  be  useful  to  explore  these  properties  further  by  means  of 
ray-diffraction  calculations  such  as  those  indicated  ;n  the  Appendix,  For 


this  purpose  it  would  be  desirable  to  generate  the  wavefronts  themselves 
'  >m  the  computer  program  using  the  travel  time  of  the  set  of  rays,  the 
ray  positions  and  directions,  the  phase  changes  of  the  rays,  and  the  spreading 
loss  of  (VIII. 2)  of  this  chapter  From  these  data,  and  using  methods 
derived  from  the  discussion  of  the  Appendix,  the  interference  structure 
of  the  aberration  can  bo  predicted  except,  of  course,  in  the  immediate 
regions  of  caustics  or  foci. 

8.2,4.  Surface  Ducts  and  Surface  Scattering 

The  present  program  uses  a  flat  sea  surface.  This  is  an  excellent 
approximation  for  low  frequencies  and  for  the  specular,  surface- reflected 
wave.  However,  if  a  surface  sound  channel  exists  at  the  sea  surface, 
non- specula  rly  reflected  energy  can  excite  this  duct  and  can  propagate  in 
it.  Two  regimes  must  be  distinguished  depending  on  whether  the  ray 
tracing  origin  is  in  or  below  the  surface  duct.  If  the  origin  is  in  the  duct, 
the  present  program  can  easily  handle  transmission  in  the  duct  but  does 
not  predict  leakage  from  the  duct  as  this  maybe  due  either  to  diffraction 
or  to  scattering  from  a  modulated  sea  surface.  If  the  origin  is  well  below 
the  duct,  the  converse  applies. 

Neglect  of  such  surface-duct  transmission  is  often  permissable 
in  low-frequency,  long-range  propagation  both  because  the  leakage  from 
the  duct  attenuates  this  mode  of  transmission  more  rapidly  than  modes 
due  to  alternative  paths  in  deeper  water,  and  because  the  mixed  velocity 
profiles  found  in  long-range  propagation  will  tend  to  interrupt  and  destroy 
the  surface  channel.  However,  this  will  not  always  be  true,  and  it  becomes 
useful  to  include  such  modes  as  part  of  an  extension  of  the  program  to  short 
to  intermediate  ranges. 

Various  techniques  can  be  used  to  estimate  the  contribution  of  the 

surface-duct  transmission  to  the  total  sound  field,  but  they  will  not  be 

discussed  here.  Instead,  it  is  recommended  that  the  program  be  extended 

to  include  a  modulation  of  the  shape  of  the  sea  surface.  This  capability 

would,  in  turn,  be  used  for  research- oriented  investigations  of  the  surface- 

2 

scattered  wavefronts  due  to  reflection  of  sound  from  a  point  source. 
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8.2.5  Noise  Distr ibutions 
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be  described,  statistically,  in  terms  of  a  directivity  function  and  an  amplitude 
that,  depends  on  the  local  sea  state.  In  turn,  the  net  noise  field  at  an/  point 
in  the  ocean  depends  on  the  integrated  contributions  of  the  entire  surface, 
but  with  modifications  that  are  introduced  by  the  sound  velocity  field  and 
bottom  structure.  The  Type  III  intensity  distribution  that  is  an  option  of 
the  present  program  is  well  adapted  to  such  calculations  -  the  averaging 
over  the  range  positions  of  a  ray  ran  be  interpreted  as  an  average  over 
the  possible  range  positions  of  the  source.  In  turn,  the  summation  of  a 
number  of  Type  III  intensity  calculations,  weighted  by  an  appropriate 
surface,  area,  would  be  a  calculation  of  the  surface- generated  noise  field. 

This  result  demands  the  specification  of  the  noise  distribution  function  but, 
if  this  is  given,  the  amplitude  of  the  function  for  a  given  sea  state  can  he 
determined  by  comparison  of  the  calculated  results  with  experimental  data. 


8.2.6.  Arrival  Interference  Statistics 

The  subject  of  this  report  is  the  application  of  ray  tracing  techniques 
to  the  prediction  of  acoustical  transmission  in  the  ocean,  and  comparisons 
with  the  alternative  mode  theory  have  been  avoided.  This  is  unfortunate 
in  the  sense  that  any  model  that  attempts  to  be  comprehensive  should  bo 
free  to  assimilate  the  most  useful  treatments  and  to  combine,  these  as 
necessary  for  predictive,  purposes.  Many  authors  have  commented  on  the 
equivalence  of  the  two  theories  when  each  is  carried  through  toward  the 
determination  of  a  net  acoustical  field.  Indeed,  it  may  be  noted  that  some 
of  the  discussion  of  this  report  has  been  guided  by  interpreting  the  results 
of  mode  theory  in  terms  of  ray  theory. 

For  example,  the  discussion  of  arrival  structure  in  Chapter  IV  and 
the  summation  of  arrival  structure  to  determine  the  spatially  averaged  field 
given  by  Eq.  (IV.  36)  can  be  regarded  as  a  summation  of  weighted  mode 
functions.  The  difference  is  that  th<  functions  of  Eq  (IV.  36)  are  determined 
by  operations  on  the  ray  tracing  solutions  for  a  set  of  initial  angles  rather 
than  by  the  process  of  determining  the  mode  solutions  of  the  wave  equation 
in  the  given  velocity  field.  It  is  obvious  that  the  ray  tracing  derived  func¬ 
tions  do  .iot  include  diffraction  effects  except  as  these  are  assimilated  in 
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the  averaging  procosscs  specified  for  the:  intensity  calculations.  It  is 
also  believed  that  the  functions  derived  from  the  rav  tracinu  solutions 
are  far  more  accurate  representations  of  the  field  distributions  in  a 
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theory  for  a  simplified  stratified  medium  with  only  weakly  interacting 
boundary  pianos.  It  is  clear  that  the  selection  of  specific  tools  will 
depend  on  the  nature  of  tile  application  as  well  as  being  influenced  by 
what  tool  is  available. 

2  U 

Attention  is  called  to  the  work  of  C.  S.  Clay.  ’  This  can  bo 
summarized  .as  a  specification  of  measurements  that  can  be  made  on  the 
sound  field  to  distinguish  signals  that  originate  from  local  or  point  sound 
sources  with  reaped  to  the  properties  of  fields  that  originate  in  extended 
sources.  Clay's  use  of  mode  theory  for  his  derivations  should  not  obscure 
the  importance  of  these  objectives  nor  he  interpreted  as  a  prohibition 
against  a  fully  equivalent  derivation  in  terms  of  local  plane  waves,  i.e,  , 
ray  theory. 

These  analyses,  based  on  intensity  interferometry,  regard  the 
intensity  fluctuations  as  originating  in  the  summation  of  interfering  arrivals. 
The  power  spectrum  of  the  fluctuations  taken  over  a  suitable  time  interval, 
or  range  interval  for  a  moving  source,  is  independent  of  the  phase  relation¬ 
ships  m  individual  arrivals  and  becomes  a  unique  signature  of  the  sound 
field.  liy  extension  of  the.  Type  11  intensity  calculations  and  by  using  the 
variable  of  arrival  angle  rather  than  mode  vector,  these  spectra  can  be 
computed  from  the  ray  tracing  ca  lc ula tion  and  be  used  to  compare  with 
experimental  data.  Incidentally,  and  as  computed  by  ray  theory,  the.  spectra 
can  be  used  to  distinguish  wavefront  aberrations  from  independently 
interfering  arrivals.  In  short,  this  extension  of  the  ray  tracing  program 
would  bo  of  great  value  for  testing  the  predictive  model  and  for  the  analysis 
of  the  eliects  of  the  environment  on  the:  structure  of  the  sound  propagation. 


H.  i.  Expe  r  imenta  I  1  ’  r  og  ra  ms 

The  objective  of  any  associated  experimental  program  is,  of 
course,  to  obtain  data  on  the  properties  of  sound  transmission  in  the 
ocean.  However,  insofar,  as  the  mode)  of  propagnti  on  that  can  be  calculated 


for  the  experiment  becomes  even  first- ui  uei  reliable,  it  becomes  2 
work  for  interpreting  the  experiment  and  for  identifying  the  environmental 
factors  that  have  influenced  the  measurements.  The  typos  ol  experiments 
listed  bclosv  can  he  recommended  partly  because  the  data  they  would  pro¬ 
vide  would  be  independently  useful  as  characteristic  of  acoustical  propagation 
in  the  ocean,  and  they  are  also  recommended  for  comparison  with  the 
predictions  that  can  he  computed  through,  for  example,  the  methods  of  this 
report.  It  is  understood  that  environmental  data  taken  during  the  experi¬ 
mental  program  must  be  of  a  precision  and  quantity  adequate  to  serve  as 
data  inputs  into  the  predictive  program. 

8.  3.  1  .  Determination  of  Acoustical  Flux 

Rasic  to  the  concept  of  cylindrical  spreading  is  the  prediction  that  the 
net,  outwardly  radiating  acoustical  flux  will  fall  off  inversely  with  the  range 
while  experiencing  an  additional  attenuation  due  to  bulk  absorption,  scatter¬ 
ing,  and  bottom  losses.  If  small  angular  factors  are  neglected  the  acoustical 
flux,  F  ,  is  the  integral  of  the  vertical  intensity  distribution  l(z)  , 

F  -  J  1(a)  dz  .  (VIII.  3) 

o 

It  is  recommended  that  the  flux  be  determined  as  a  function  of  the 
range  between  source  and  receiver  and,  using  broadband  sources,  as  a 
function  of  the  acoustical  frequency.  The  experiment  should  be  repeated 
for  various  types  of  bottoms  and,  in  particular,  for  bottom  obstructions 
such  as  those  indicated  in  Fig.  17.  Basically,  this  experiment  determines 
the  transmission  anomaly  of  the  sonar  equation. 

8.  3.Z.  Vertical  Intensity  Distribution 

Incidental  to  the  data  of  the  above  experiment  would  be  the  measure¬ 
ment  of  I(z)  itself,  and  the  modulation  of  this  with  range  that  reveals 
convergence  zone  structure  as  well  as  the  damping  of  this  structure  due  to 
the  specific  form  of  the  velocity  field  and  the  relative  contribution  of 
bottom- reflected  energy.  It  would  be  of  especial  interest  if  the  sources 
used  to  excite  these  fields  consisted  of  both  point  sources,  to  excite  the 
full  field,  and  directional  sources  to  provide  selective  illumination  of  initial 
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angles.  Again,  the  experiment  should  be  repeated  for  differing  forms  of 
bottom  topography  to  determine,  for  example,  the  effect  of  seamount  obstruc¬ 
tions  as  filters  of  ducted  sound  energy. 

8.  3.  3.  Vertical  Arrival  Structure 

impulse  sources,  e.g.,  snots,  are  commonly  detected  as  a  train 
of  resolved  arrivals.  For  the  quantitative  analysis  of  long-range  propagation, 
far  more  attention  must  be  given  to  the  structure  of  these  arrivals  for 
acoustical  paths  that  propagate  by  refraction  only,  concentrating  on  the 
phase  changes  produced  by  the  refractive  paths  and  on  the  effects  of  wave- 
front  aberrations  on  the  structure  of  the  waveforms.  The  analysis  can 
also  be  greatly  assisted  by  resolution  in  the  vertical  plane  of  the  arrival  directions 
of  the  signals,  using  vertical  arrays,  both  to  identify  the  arrival  paths  and 
to  evaluate  the  magnitudes  in  terms  of  a  spreading  loss.  It  :s  important 
to  establish  relationships  between  the  loss  of  time  resolution  of  the  impulse 
signal  with  range  and  the  spread  of  the  signal  in  the  vertical  arrival  directions. 

At  the  higher  angles,  the  vortical  array  can  distinguish  the  bottom- reflected 
contributions  nd  be  used  to  determine  bottom  reflectivity  losses  and,  by 
correlation,  to  distinguish  the  coherent  reflectivity  from  the  incoherent 
components . 

8.  3.  4.  Noise  Distributions  and  Directivity 

Associated  with  the  above  programs  would  be  measurements  of 
similar  properties  for  the  acoustical  noise  field.  These  can  be  used  with 
the  predictive  model,  vide  8.  2,  5  above,  to  determine  the  amplitudes  and 
directivities  of  the  noise  excitation  functions  for  surface-generated  noise, 
if  this  can  be  isolated  from  other  noise  sources  of  biological,  machine, 
or  seismic  origin. 

8.  3.  5.  Signal  Statistics 

Section  8.  2.6  outlines  the  role  of  intensity  spectra  in  the  interpre¬ 
tation  of  acoustical  propagation.  These  measurements  become  part  of  a 
statistical  analysis  program  to  determine,  for  example,  the  extent  of  the 
spatial  intervals  required  for  averaging  multipath  spectra,  the  fluctuations 
that  occur  about  such  averages,  the  degree  of  correlation  of  signals  that 
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can  be  achieved  in  practice  in  the  presence  of  wavefront  aberration,  the 
"higher  frequency"  components  of  the  intensity  spectra  that  represent  bottom 
interactions,  and  the  Hegree  of  discrimination  that  the  oLaiiMticai  analyses 
provide  with  reference  to  similar  ocean  noise  spectra. 

8.  3.  6,  Specific  Environmental  Interactions 

When,  either  by  experimental  control  or  by  the  ray  tracing  analysis, 
signals  can  be  isolated  as  having  had  specific  interactions  with  the  environ¬ 
mental  structure,  the  data  can  be  used  to  determine  the  interaction  para¬ 
meters  that  are  required  in  the  predictive  model.  Experiments  in  these 
directions  should  emphasize  the  frequency  dependence  of  the  effect,  the 
time  dependence  of  the  interaction  that  is  responsible  for  frequency 
spreading,  and  the  dependence  on  interaction  angle.  Examples  of  such 
experiments  include: 

i)  Boundary  scattering  from  either  the  sea  surface  or 
bottom  to  include  isolation  of  the  coherent  and 
incoherent  reflectivities,  the  effect  of  the  scattering 
on  the  directivity  functions  used  in  the  present 
program,  4.2.4,  and  the  Doppler  shifting  of  the  moving 
sea  surface. 

ii)  The  use  of  the  Doppler  shift  to  analyze  the  angular 
directivity  of  the  sound  propagated  from  a  moving 
source . 

iii)  Analysis  of  scattered  signals  in  terms  of  roughness 
coefficients  and,  for  the  sea  bottom,  layer  structures 
and  acoustical  penetration  into  these. 
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APPENDIX 


i  ti£  i*'  HA5ts  Or  11A  V  Ail  RIVALS 

This  Appendix  gives  a  further  discussion  of  ray  theory  as  applied 
to  the  exact  determination  of  the  intensity  of  the  acoustic  field  in  a  non- 
homogoncous  medium,  i.e,  ,  the  wave  intensity  that  is  determined  by 
computing  the  phase  and  amplitude  of  individual  arrivals  and  adding  these 
algebraically  to  form  the  net  field  amplitude.  The  material  is  relegated 
to  an  appendix  because  it  differs  in  emphasis  from  the  principal  concern 
of  the  main  report  which  is  the  estimation  of  transmission  loss  for  long- 
range  acoustical  propagation  in  the  real  ocean.  For  the  latter  it  would 
be  a  rare  physical  situation  for  which  the  exact  velocity  field  would  be 
known  with  sulficient  accuracy  to  justify  any  connection  between  a  computed 
travel  time  and  the  total  phase  change  of  a  ray  over  its  path,  In  the  main 
report  it  is  recommended  that  the  far  field  intensity  be  determined  as  a 
probability  that  represents  the  averaging  of  the  intensities  of  individual 
arrivals.  This  is  to  he  achieved  by  averaging  spatially  over  an  interval 
that  is  large  enough  to  allow  for  those  acoustical  field  fluctuations  which 
arc  due  to  the  wave  interference  of  the  amplitudes  of  individual  arrivals 
and  may  include  temporal  averaging  for  changes  in  the  velocity  field  or 
for  broad  frequency  bandwidth. 

This  appendix  originated  in  discussions  among  the  authors  and 
their  colleagues  at  Hudson  Laboratories  as  to  the  validity  of  the  ray  theory 
and  the  extent  to  which  it  could  be  applied  meaningfully  to  a  wave  field. 

The  discussion  is  included  in  this  report  lor  the  following  reasons: 

1 .  The  ray  theory  has  been  severely  criticized  as  inexact  and 
even  inapplicable  to  wave  propagation  due  to,  for  example,  "failure  at 
turning  points,  "  "shedding  of  energy  for  a  curved  ray,  "  and  "failure  to 
predict  phase  changes.  "  To  the  authors  such  attacks  on  ray  theory  seem 
unjustified  and  unsupported  on  theoretical  grounds  which  we  present  in 
this  appendix.  (It  is  true  that  a  simple  ray  theory,  i.e.,  a  theory  applied 
to  extended  plane  waves  rather  than  "local"  plane  waves,  does  not  predict 
the  phase  change  of  a  wave  that  is  refracted  against  a  velocity  gradient,  as 
has  been  discussed  by  Tolstoy  and  Clay,  and  Tolstoy.  ^  ^  However,  their 
comments  have  sometimes  been  improperly  generalized  as  criticisms  of  ray 
theory  in  general.  ) 
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2.  The  new  ray  trace  program  ha9  been  used  to  construct  a 
wave  field  for  a  model  situation,  discussed  below,  and  in  presenting  these 
calculations  the  accuracy  and  utility  of  the  present  program  is  further 
demonstrated.  Also,  we  expect  to  make  a  number  of  similar  calculations 
in  future  research  programs  and  it  is  convenient  to  document  our  methods 
in  the  present  report. 

3.  By  presenting  this  discussion  we  may  clarify  for  some 
readers  the  distinctions  between  the  actual  wave  field,  which  includes  the 
interference  effects  of  many  arrivals,  and  the  averaged  field  discussed 
previously. 

The  material  of  this  appendix  is  summarized  as  follows: 

1 .  A  review  of  wave  propagation  using  the  Kirchoff 
development  of  the  wave  theory  of  Huygens  and 
Fresnel. 

2.  The  extension  of  the  Kirchoff  theory  to  inhomo¬ 
geneous  media. 

3.  The  phase  change  across  ray  foci. 

4.  Calculation  of  the  field  of  a  plane  wave  refracted 
against  a  field  gradient. 

5.  Conclusions. 

A-  1 .  Review  of  Kirchoff  Theory 

The  Kirchoff  theory  is  central  to  the  calculation  of  diffraction  fields 
and  is  discussed  in  detail  in  a  number  of  standard  references.  In  this 
section  the  theory  is  briefly  reviewed,  following  the  presentation  of  Born 
and  Wolf,  ^  to  lay  a  formal  basis  for  the  subsequent  calculations. 

Let  U  (r)  and  U'(r)  be  two  wave  fields  which  are  the  space- 
dependent  solutions  of  monochromatic  v/aves  V(r,t)  and  V'(r,t)  each 
with  time  dependence  t  that  is  periodic  with  angular  frequency  to  ,  i.  e.  , 


V(r ,  t)  = 

U(r)  e"ltot 

(A.  1) 

V'(r,t)  = 

U'(r)  e“lwt 

(A.  2) 

U(r)  and  U'(r)  are  to  satisfy  the  wave  equations  | 
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(V2  +  k2)  a  =  (V2  +  k2)  U'  = 


k  is  the  usual  wave  vector  for  which 
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where  c(r)  is  the  sound  velocity  written  as  a  function  of  space  in  an  inhomo¬ 
geneous  medium  and  \(r)  is  the  wavelength.  If  U'(r)  also  possesses  a 
singularity  at  a  point  P  of  the  form 

ikr 

U'(r)  —  —  as  r  — ►  0  (A.  5) 


then  U(P'  can  be  determined  from  a  Green's  theorem  if  U(r)  ,  U'(r) 
and  their  derivatives  are  known  on  a  bounding  surface  S  that  surrounds 
P  : 


U(P)  = 


(A.  6) 


The  differentiation  with  respect  to  n  is  along  the  inward  normal  from 
S  (Fig.  A-l).  Equation  (A.  6)  expresses  the  solution  U  (P)  in  terms 
of  an  interference  between  the  functions  U  and  U'  and  their  normal 
derivatives  on  the  surface  S 

In  homogeneous  space  the  particular  U'  (r)  of  (A.  5)  is  everywhere 
an  exact  solution  of  (A.  3),  and  the  limit  of  application  of  (A.  6)  is  determined 
solely  by  the  precision  to  which  U(r)  is  known  on  the  boundary  surface  S  . 

If  an  arbitrary  function  of  time,  V  (r,  t)  ,  is  expressed  as  a 
Fourier  series 

°o 

V(r ,  t)  =  — —  f  U  (r)e"totdw  (A.  7) 

sizr  -»  w 

then  it  is  straightforward  to  use  this  in  (A.  6)  and  recombine  the  series  to 
show  that  V  (r  ,  t)  is  given  by 
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(A. 8) 
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where  the  functions  in  square  brackets  are  defined  on  S  at  the  retarded 
times  (t-T)  and  T  is  the  travel  time  from  P  to  points  on  S 
Again,  the  differentiation  is  defined  with  respect  to  the  inward  normal  to  S 

The  classical  test  of  Eq,  (A.  8)  is  the  determination  of  the  scalar  wave 
field  in  the  neighborhood  of  a  diffraction  focus.  Using  the  coordinates  of 
Fig.  A-2,  (A.  8)  becomes 
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The  accuracy  of  (A.  9)  for  prediction  of  the  detailed  wave  field  to  the 

right  of  surface  S  in  Fig.  A-2  is  well  established.  In  particular,  (A.  9) 

4 

leads  to  the  well-known  "phase  anomaly"  of  value  it  that  exists  between 
wave  surfaces  that  lie  on  opposite  sides  of  the  origin  O  of  Fig.  A-2. 

A-2.  Extension  to  Inhomogeneous  Media 

Equations  (A.  6)  through  (A.  8)  of  the  preceding  section  are  also  valid 
in  an  inhomogeneous  medium  provided  that  the  "test"  function  U'(r) 
satisfies  the  wave  equation  (A.  3)  and  possesses  the  (l/r)  singularity  of 
(A,  5)  at  the  point  P  at  which  the  field  U(r)  is  to  bo  evaluated.  Thus 
the  application  of  the  Kirchoff  development  in  an  inhomogeneous  medium 
requires  not  only  that  the  field  U(r)  be  known  on  a  boundary  surface  S 
but  also  that  a  suitable  test  function  U'(r)  can  be  found  for  use  in 
Eqs.  (A.  6)  through  (A.  8). 

For  this  purpose  a  wave  function  U'(r)  that  is  derived  from  ray 

theory  will  be  satisfactory  except  in  certain  special  regions  that  are  discussed 

5 

below.  By  U'(r)  is  meant  the  function 

ikr 

U'(r)  —  for  r  —  0  (A.  8) 

=  A(r)  elujl  for  r  »\  (A.  10) 


where  A(r)  ,  the  amplitude  of  the  ray,  is  to  be  real  and  positive  and  the 
travel  time  T  is  calculated  from  position  P  along  the  ray  path  to  a  point 
on  the  surface  S  by 
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dr 

c(r) 


(All) 


General  discussions  of  the  validity  of  this  solution  are  given  in  the  standard 


:ta:r.!y  a  valid  solution  of  thu  wa  ve  ec.|uaiiuii  m  ine 


asymptotic  limit  of  short  wavelengths. 

The  collection  of  rays  emanating  from  P  represent  the  directions 
along  which  the  intensity  is  directed,  and  the  orthogonal  surfaces  to  these 
rays  are  wave  surfaces  defined  by  a  constant  travel  time  T  If  U'(r) 
of  (A.  10)  is  an  acoustic  pressure,  the  associated  particle  velocity  is  given  by 


grad  U'(r) 


(A.  12) 


where  p  is  the  density  of  the  medium,  or,  using  (A.  10)  and  (A.  11) 


iv  -  -ii  ( iLinilAirJ  +  i 

ivp  \  A  (r ) 


CO  A  \ 

c(r)  r) 


A  (v)  e 


(A.  13) 


The  lime-averaged  intensity  vector  has  the  direction  of  the  ray  for 


2pc  (I)  =  Pc  real  (U'  u')  -  [A(r)]‘  r 


(A.  14) 


where  r  gives  the  ray  direction.  In  the  asymptotic  limit  of  small  wave¬ 
lengths  (or  large.  k  witli  k  -  2tt/\  )  the  condition 


A(r) 


«  2  , 

c 


(A.  15) 


will  be  valid  everywhere  except  where  the  gradient  of  the  amplitude  diverges. 
This  is  also  one  condition  for  the  validity  of  the  ray  theory. 

Straightforward  application  of  flux  conservation  using  (A.  14)  can  be 
used  to  determine  the  amplitudes  A(r)  from  the  ray  tracing  solutions. 

The  rays  emitted  into  a  differential  solid  angle  hfi  from  P  form  a  ray 
lube.  In  propagating  through  the  inhomogeneous  medium  these  tubes  may 
expand  or  contract  in  cross  section  as  they  follow  the  curving  ray.  If  the 
tube  intersects  surface  S  with  cross  section  dS  and  orientation  n 
the  amplitude  on  S  is  given  by 


1 


(A.  16) 


A{r) 


A 


n 


dS2 

dS 


where  is  the  sound  velocity  on  S  and  cp  is  the  sound  velocity 

at  P 

If  the  cross  section  of  the  ray  tube  shrinks  to  zero,  as  it  will  if 
the  rays  cross  or  focus,  the  condition  (A.  15)  cannot  be  maintained  and  the 
ray  solution  (A.  10)  cannot  be  extrapolated  through  a  ray  crossing  point. 
Note,  however,  that  the  energy  carried  by  such  a  ray  tube  can  be  carried 
through  a  ray  c  ros  sing  in  view  of  (A  .  1  4),  i  .  c  , ,  a  ray  c  ros  sing  point  is  not 
a  scattering  point  The  amplitudes  A(r)  in  a  region  where  the  rays 
cross  are  determined  by  diffraction  and  the  wave  field  must  be  extrapolated 
through  the  region  by  use  of  a  wave  theory.  In  the  following  section  the 
principal  concern  will  be  toward  the  modification  of  ray  theory  when  ray 
solutions  are  projected  through  such  geometrical  divergences, 

The  use  of  the  test  function  U'(r)  of  (A.  10)  and  (A.  11)  and  the 
condition  (A.  15)  modify  Eq.  (A.  8)  to 


Preferably  the  surface  S  will  be  chosen  such  that  on  it  V(r,t)  will 
either  vanish  or  can  be  defined  as  a  local  plane  wave  with  direction  s  and 
amplitude  B(r)  .  That  is,  the  harmonic  component  of  V  (r,t)  , 

U(r)  ,  can  be  expressed  as  a  local  plane  wave  on  S  of  the  form 


U(r) 


B(r) 


A  A 

ikr  s  ■  r 

e 


(A.  18) 


and  (A.  17)  further  simplifies  to 

U(r )  =  ~  k  (r  •  n  -  s  ■  n  )  A(r )  B(r )  e* w  T  dS  (A.  1  9) 

where  T  ,  from  (A.  11),  is  a  function  of  r  on  S 
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A-  i.  Phase  Change  Across  Ray  Crossings 


The  above  is  used  to  investigate  the  typical  ray  crossing  situation  in 
an  inhomogeneous  medium  that  is  sketched  in  Pig  A-C  The  set  of  rays 
that  radiate  spherically  from  P  are  represented  by  a  center  ray  0  and 
an  adjacent  pair  of  rays,  i  l  and  -1,  which  will  be  required  to  determine 
the  amplitude  of  ray  0  through  use  of  (A.  16).  The  rays  cross  to  forma 
caustic  or  focus  in  the  general  region  of  C  and  subsequently  diverge,  from 
this  region.  While  the  amplitudes  of  the  diverging  rays  can  still  be:  esti¬ 
mated  by  the  use  of  (A.  16),  it  is  desired  that  an  indication  be  given  as  to: 

i)  the  calculation  of  the  diffraction  field  in  the 
region  of  C 

ii)  the  determination  of  a  phase  change  of  the  ray 
bundle  on  transit  through  the  ray  crossing 
region  C  . 

The  surface  Sj  is  to  he  the  wave  front  representing  the  waves 
from  P  advancing  towards  C  ,  but  is  constructed  well  before  C  so 
that  the  amplitude  of  the  wave  front  on  is  given  by  (A.  16)  without 

violation  of  the  condition  (A.  15).  In  the  asymptotic  limit  of  small  wavelengths 
Sj  will  be  normal  to  the  rays  and  will  also  represent  equal  travel  time 
T  for  the  ray  bundle.  Similarly,  is  the  wave  front  of  the  waves 

diverging  from  C  and  is  constructed  well  behind  C  as  measured 

along  ray  0. 

Although  the  physical  field,  represented  by  the  rays  from  P  , 
has  ray  crossings  in  the  region  C  ,  it  is  possible  to  construct  an  entirely 
new  ray  field  solution  from  points  on  to  those  on  Sj  for  which  none 

of  the  rays  will  cross  one  another.  In  fact,  if  thi  surfaces  and  S, 

are  not  too  far  apart  and  the  velocity  field  gradients  are  not  exceptionally 
largo  in  the  region  of  C  ,  the  ray  (or  wave)  field  L’"(r)  will  be  very 
nea r ly 

iks 

U " ( r )  ss  ——  (A.  20) 

in  which  s  is  the  distance  along  a  ray  path  from  a  point  Of,  on  to 

a  point  Oj  on  Sj  .  The  field  on  the  surface  Sj  is  given  by  the  ray 


-  32V- 


Thu  field  clue  to 


solutii  n  (A  10),  (A.  11),  and  (A.  lf>)  for  the  rays  from  P 
this  is  found  on  the  surface  by  trie  uae  u[  the  test  function 

(A.  8).  For  a  harmonic  wave  this  is  formally  expressed  by 


U(r)  = 


k  ($  . 


n)  A(r)  U"(r )  elu)T"dS 


(A.  21) 


giving  the  continuation  of  the  field  from  to  .  T"  is  the  travel 

time  computed  for  the  rays  of  U"(r). 

Although  the  amplitudes  A{r)  of  (A.  10)  will  diverge  in  the  region 
C  ,  this  is  not  reflected  in  any  anomalous  behavior  of  the  ray  trajectories 
themselves  as  determined  by  the  ray  Eq.  (III.  1)  of  the  main  report.  Thus 
the  travel  time  T"  between  the  wave  surfaces  is  still,  by  Fermat's  prin¬ 
ciple,  an  extremum  for  those  ray  paths  that  coincide  with  the  ray  paths 
originally  followed  from  point  P  and  which  are  normal  to  the  two  surfaces. 
In  going  from  the  general  point  Of,  on  to  points  O"  on  surface 

Sj  there  will,  of  course,  be  many  new  paths  that  must  be  computed  for  the 
integral  (A.  21)  which  are  not  normal  to  S2  and  are  not,  therefore,  normal 
to  Sj  .  It  is  a  consequence  of  this  that  T"  in  (A.  21)  can  be  expanded  in 
terms  of  coordinates  that  lie  on  the  surface  of  Sj  and  that  the  expansion 
will  bn  stationary  about  a  point  Oj  which  lies  on  the  ray  path  P  O'^  Of,  . 

A  specific  example  of  the  integration  of  an  integral  of  the  type  of 
(A.  21)  will  be  given  in  a  later  section.  Here,  the  magnitude  of  the  integral 
is  neglected  to  give  the  phase  contribution.  The  general  form  of  the  integral 
will  be 


W  =  g<x>  y)  elkf(X’  y)  dx  dy 


(A.  22) 


where  f(x,  y)  can  be  expanded  in  the  form 

f(x,y)  =  f(xQ,  yQ)  +-|  (x-xq)2  +  ^  (y- yQ)2  +  v,(x- xq)  (y-  yQ)  +  .  .  .  (A.  23) 

the  result  is  given  by^ 


£  7T  iff 


e 


(A.  24) 


ikf (x  ,  y  ) 
o  '  n 


-,rrn  _2 

V  IH'i  ■  'I 


«(xo'yo> 


/here  the  positive  root  is  taken  nnd 


cr  =  +  1 

for 

(3  V  >  !12  . 

P 

>  0 

=  -  1 

for 

Pv  >  h2  , 

P 

<  0 

=  -  i 

for 

(3y  <  T2 

(A. 24a) 
(A. 24b) 
(A. 24c) 


The  physical  origin  of  the  phase  factors  (•')  in  (A.  24)  and  (-i)  in 
(A.  24c)  that  multiply  the  exponential  of  (A  24)  can  be  simply  explained.  The 
expansion  (A.  23)  represents  a  surface  for  which  there  will  be  constant  phase 
contours  centered  about  a  point  of  stationary  phase  at  the  position  (x^,  y  ) 

If  a  wavefront  satisfying  the  condition  (A.  24a)  is  advancing  toward  an 
observer,  the  wavefront  will  appear  convex  to  him.  Similarly,  the  wave- 
front  of  the  solution  for  (A.  24b)  will  be  concave,  but  the  wavefront  represented 
by  (A.  24c)  will  be  warped  and  possess  two  curvatures  of  differing  algebraic 
sign,  i.  e.  ,  a  sad.dlepoint,  as  seen  by  the  observer.  At  large  distances 
from  the  origin,  for  which  x“x0  and  y- yQ  become  large,  the  exponen¬ 
tial  of  (A.  22)  oscillates  so  rapidly  that  such  source  points  make  a  vanishing 
contribution  to  W  -  the  major  contribution  comes  from  the  area  about 
the  central  point  of  stationary  phase. 

If  the  equal  phase  contours  represented  by  (A.  23)  are  spaced  one- 
half  wavelength  apart,  the  areas  between  the  contours  correspond  to 
Fresnel  Zones.  The  integral  (A.  23)  is  continuous  across  such  zones  and 
each  zone,  starting  from  the  center  point  of  stationary  phase,  contributes 
an  average  value  with  a  phase  of  tt/2  if  the  surface  is  convex.  Although 
the  successive  zones  tend  to  cancel  each  other,  the  contribution  of  each 
diminishes  for  increasing  zones  from  the  center  to  leave  the  net  phase 
value  tt/2  which  is  given  by  the  factor  (i)  in  (A.  24).  If  the  surface  is 
concave,  which  is  the  solution  (A.  24b),  the  average  phase  of  the  central 
zone  is  -17/2  ,  If  the  surface  is  a  saddlepoint  with  the  solution  (A.  24c) 
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the  contribution  from  the  central  zone  tends  to  vanish,  and  it  is  the 

higher-order  zones  that  make  the  principal  contribution  to  the  integral. 

For  each  zone,  however,  the  average  phase  is  zero  and,  if  g(x  ,v  ) 

“  1  o  o 

is  real,  the  integral  W  for  the  solution  (A.  24c)  is  also  real  and  shows 
no  phase  change. 

Equation  (A.  21)  is  readily  cast  into  the  form  of  Eq.  (A.  22)  and  all 
the  functions  except  the  exponential  become  real  and  are  evaluated  at  the 
point  of  stationary  phase.  This,  as  noted  before,  lies  on  the  normal  ray 
path  from  P  that  connects  the  two  surfaces  and  The 

choice  of  the  solutions  (A.  24a,  b,c)  will  depend  on  the  type  of  curvature 
of  the  wave  field.  For  underwater  acoustics  the  dominant  situation  will 
consist  of  cylindrical  spreading  in  one  dimension  and,  for  the  example  of 
Fig.  A-3,  a  convergent  wavefront  for  Sj  in  the  plane  of  Fig.  A-3.  The 
radii  of  curvature  have,  therefore,  differing  algebraic  signs  and  the  solu¬ 
tion  (A.  24c)  will  apply.  The  product  of  the  imaginary  factors  and  the  signs 
in  (A.  21),  (A.  24),  and  (A.  24c)  leave  a  net  phase  shift  of  -ir/2  such  that 
the  phase  of  the  wave  at  S2  is  given  by 

S2 

«  -  phase  =  o  /  -  |  =  wT  -  |  .  (A.  25) 

P  C  r 

In  applying  the  above  to  the  use  of  ray  theory  in  underwater  acoustics 
to  calculate  the  amplitude  and  phase  of  wave  fields,  the  solutions  of  (A,  10) 
and  (A.  1 1 )  are  to  be  augmented  by  the  prescription  that  a  phase  of  tt/2 
is  to  be  subtracted  for  each  ray  crossing  undergone  by  a  differential  ray 
bundle;  also,  the  solution  will  not  apply  in  the  immediate  region  of  the 
ray  crossing.  The  field  must  there  be  calculated  by  detailed  evaluation  of 
integrals  of  the  form  of  (A  21)  to  express  the  diffraction  spreading. 

A- 4 .  Ray  Calculation  of  a  Plane  Wave  Refracted  Against  a  Stratified 
Velocity  Gradient 

One  of  the  few  exact  calculations  that  can  be  made  for  wave  propa¬ 
gation  in  an  inhomogeneous  medium  demonstrates  that  a  plane  wave 
refracted  against  a  stratified  velocity  gradient  is  reflected  with  an  additional 
phase  change  of  -tt/2  with  respect  to  w  T  ,  where  T  is  the  travel 
time  along  the  ray  paths.  The  conventional  ray  diagram  for  this  reflection 
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i3  indicated  in  Fig.  A-4  which  shows  the  normal  rays  from  plane  surface 
S  that  propagate  into  the  gradient  region.  They  are  turned  by  the  gradient 
at  a  common  depth  z and  return  to  the  homogeneous  medium  to  form  a 


wave  front  that  passes  through  point  P 


rue  auriace  that  is  lorniea 


by  the  turning  points  of  all  the  rays  at  depth  z  is  a  caustic  surface  in 
Fig.  A-4,  and  the  rt/l  phase  shift  that  is  not  predicted  for  the  rays  is 
usually  ascribed  to  a  breakdown  of  the  ray  theory  at  the  turning  point  at 
depth  z 

We  have  investigated  this  physical  situation  to  test  whether  the 
ray  solution  of  (A.  10)  and  (A.  11)  can  be  used  in  (A.  19),  with  the  modification 
indicated  by  (A.  25),  to  calculate  the  field  at  P  due  to  the  reflected  wave- 
front  S  The  test  also  measures  the  ability  of  the  ray  solution  to  predict 
the  wavefield  from  a  source  at  point  P  that  propagates  onto  the  surface 
S  .  Figure  A-5  shows  the  construction,  and  it  is  clear  that  the  individual 
rays  from  P  no  longer  have  turning  points  at  a  common  depth 

For  the  parameters  given  in  Fig.  A-5,  the  ray  tracing  program 
was  used  to  compute  the  travel  time  of  the  ray,  T  ,  the  position  of  the 
ray  on  plane  S  ,  and  the  angle  of  inclination  q  of  the  ray  to  plane  S  . 
Calculations  were  made  for  a  range  of  initial  angles  from  P  and  also 
for  sets  of  rays  that  propagate  in  planes  with  differing  azimuthal  angles 
with  respect  to  the  plane  normal  to  S  that  also  contains  points  P  and 
O  .  The  latter  calculations  provided  data  to  give  the  ray  parameters  for 
the  intersection  of  the  rays  over  the  entire  surface  of  S  .  The  results 
are  given  graphically  in  Figs.  A-6  through  A-9.  No  calculations  were  made 
for  rays  from  P  that  would  arrive  at  S  without  being  refracted  by  the 
velocity  gradient  as  this  would  represent  only  the  direct  arrival  and  is  of 
no  interest  to  the  present  problem. 

The  smoothness  of  the  data  shown  in  the  figures  indicates  the  con¬ 
sistency  of  the  calculation,  The  ray  paths  are  readily  given  by  elementary 
calculations  for  the  particular  model  that  was  chosen,  and  checks  indicated 
that  the  calculational  accuracy  was  precise  in  time  to  several  microseconds 
and  in  positions  to  fractions  of  a  millimeter.  The  calculation  is  difficult 
for  the  ray  trace  program  because  no  program  modification  was  made  to 
indicate  to  the  computer  that  the  velocity  field  would  change  slope  at  depth 
z  =  0  .  However,  it  was  required  that  during  any  iteration  the  predicted 
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velocity  at  the  terminus  of  an  iteration  should  match  the  given  velocity  field 
«dthin  0.  01  meter/sec.  Printouts  of  the  ray  data  on  surface  S  were  ob¬ 
tained  by  treating  the  surface  as  a  bottom  together  with  a  demand  that  the 
rays  terminate  after  ilie  first  bottom  hit. 

From  the  figures  it  is  clear  that  there  are  two  types  of  arrivals  on 
surface  S  .  As  indicated  in  Fig.  A- 9  the  arrivals  with  initial  angle 
0  <  ©c  have  crossed  one  another,  and  contrariiy.  The  caustic  of  such 
intersections  reaches  surface  S  for  angle  0c  at  position  y^  below 
O  on  S  From  the  data  given  in  the  figures  the  field  V  (P,  t)  may  be 
evaluated  using  equation  (A.  19). 

At  the  region  about  O  on  surface  S  and  for  0  <  0  ,  (A.  19) 

together  with  (A.  16)  are  readily  placed  in  the  forms  (A.  22)  and  (A.  23),  The 
appropriate  curvatures  were  evaluated  from  Figs.  A-6  and  A-8.  For  an 
incident  wave  on  S  of  the  form 

V(r.t)  =  ,  (A.  26) 


(A.  24)  and  (A.  24a),  corrected  for  the  phase  shift  due  to  the  ray  crossings, 
give 


V(P,t) 


0.  999 


-iu  (t-T 
e 


(A.  27) 


The  result  was  obtained  by  a  simple  numerical  estimate  of  the  curvatures 
of  Figs.  A-6  and  A-8  about  the  point  O  from  the  graphical  constructions; 
the  result  could  be  refined  by  numerical  curve-fitting  techniques,  but  this 
has  not  been  thought  to  be  necessary.  Equation  (A.  27)  is  the  result  pre- 

7 

dieted  by  theory. 

From  Fig.  A-6  it  is  seen  that  with  respect  to  the  initial  angle  0 
there  is  also  a  point  of  stationary  phase  for  T  about  the  angle  0c  and 
this  could  make  an  additional  contribution  to  the  result  of  (A.  27),  above. 
However,  the  integral  that  is  required  by  (A.  19)  is  over  the  surface  S  , 
and  Fig.  A- 7  indicates  that  yc  is  not  a  point  of  stationary  phase  for  T  . 
Also,  and  although  the  amplitude  A(r)  of  (A.  16)  diverges  about  y  =  y  , 
this  divergence  makes  no  contribution  to  the  integral  (A.  19).  Thus,  for 
the  expansion  of  y  about  0c  , 
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y 


(A.  28) 


(e  •  ec)2 


dy  -  t  (0-0c>d0 


The  amplitude  at  y  =  v__  diverges  as 


A(r ) 


(A.  29) 


(A.  30) 


and 


V(P,  t)  «  g'  (xc,yc)  e-iw(t-T)  dx  n 1  dyde 

«  g'  (xc>  yc)  e  ^  dxd0  sfc  (Q  -  0£)  .  (A.  31) 

s 

In  (A.  31)  g'  (xc,yc)  represents  the  slowly  varying  functions  for  the 
stationary  phase  integral  that  are  evaluated  at  (xc,yc)  •  ^  follows  that 

when  T  is  expanded  to  form  a  stationary  phase  integral  about  9c  the 
term  in  the  square  root  following  the  differentials  in  (A.  31)  causes  the  net 
contribution  from  the  region  of  9£  to  vanish.  Finally,  if  the  caustic  on 
S  were  to  make  a  contribution  to  the  field  at  P  its  phase  would  depend 
on  Tc  and  on  the  specific  details  of  the  velocity  gradient  -  this  is  con¬ 
trary  to  the  known  theoretical  solutions  of  the  wave  equation  applicable  to 
this  problem. 

The  vanishing  of  (A.  31)  at  9c  demonstrates  that  the  tt/2  phase 
shift  is  not  due  to  a  focussing  to  P  of  secondary  waves  from  S  ,  i.e.  , 
Huygen's  wavelets  that  propagate  away  from  the  normal  to  plane  S  , 
especially  as  these  would  originate  from  S  at  the  position  of  the  caustic 

at  yc  ' 

The  foregoing  has  used  the  ray  tracing  solution  from  a  point,  P  , 
to  form  a  "test'1  solution  to  the  wave  equation  that  can  be  used  in  the  Kirchoff 
theory  for  inhomogeneous  media  to  calculate  the  complete  field,  including 
diffraction,  at  point  P  .  The  solution  (A  27)  is  similar  to  that  which  would 
be  obtained  by  using  only  the  normal  rays  from  surface  S  ,  as  in  Fig.  A-4, 
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but  the  detailed  development  has  shown  that  the  field  at  P  is  due  entirely 
to  the  Huygen's  wavelets  radiated  from  the  area  of  S  where  the  ray  from 
P  la  normal  to  surface  S  Also,  the  ir/2  phase  shift  of  the  field  at 


P  after  reflection  from  the  velocity  gradient  is  due  to  the  ray  crossings 
by  the  wavelets  as  they  Spread  cylinuriCciliy  hut  ax!e  refocussed  due  io 
refraction  in  the  stratified  medium. 


The  solution  can  also  be  used  to  determine  the  field  on  a  plane  surface 
S  due  to  a  point  source  at  P  provided  the  field  is  not  extended  into 
regions  where  the  field  amplitude  of  (A.  16)  diverges.  For  simplicity,  the 
method  is  illustrated  here  by  the  simpler  calculation  of  the  field  on  a  conical 
shell  with  cone  axis  through  P  and  for  which  the  plane  S  of  Fig.  A- 5 
is  a  tangent  plane.  The  amplitude  of  (A.  16)  is  directly  determined  from  the 
inverse  slope  d9/dy  obtained  from  Fig.  A-6.  As  a  rough  approximation 
both  y  and  T  were  expressed  in  terms  of  0  through 


2  3 

y  =  Cj  +  c2e  +  c3e  +  c4  6  (A.32) 

T j  =  dj  +  d2  0  +  d3  e2  +  d4  e3  (A.  33) 


where  the  subscripted  constants  were  determined  to  emphasize  the  region  of 
6c  ' 

The  net  field  on  the  conical  surface  S  will  consist  of  two  arrivals. 
Due  to  the  ray  crossings  of  the  rays  with  0  <  0c  these  will  have  a  it/2 
phase  lag  with  respect  to  the  larger  initial  angles  from  P  ,  and  this 
must  be  included  in  computing  the  interference  pattern  of  the  two  arrivals. 

If  the  amplitudes  are  Aj  and  A2  ,  respectively,  the  intensity  on  S 
is  given  by 


I  =  [a2  +  A2  +  2  Aj  A2  sin  2Trf  (Tl  -  T2)J  (A.  34) 

with  T2  =  Tj  (20  -0)  .  The  solution  (A.  34)  cannot  be  continued  to  the 

position  of  the  caustic  at  yc  on  surface  S  because  the  amplitudes  will 
diverge.  Using  the  constants  in  (A.  32)  and  (A.  33)  that  were  derived  from 
Fig.  A-6,  (A.  34)  has  been  plotted  as  a  function  of  position  on  S  in  Fig.  A- 10 
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for  a  frequency  of  20  Hz.  The  dashed  line  in  Fig.  A- 10  indicates  the  nature 
of  the  effect  of  diffraction  to  spread  the  geometrical  divergence  of  the 
amplitudes  over  a  finite  spatial  interval. 

A-  5.  Conclusions 

Based  on  the  interpretation  of  ray  theory  given  in  this  appendix,  we 
conclude : 

1.  The  phase  change  does  not  occur  at  the  "turning  point"  at 
which  the  rays  become  horizontal  but  only  applies  after  the  region  where 
the  rays  cross  one  another. 

2.  The  ray  solutions  for  propagation  from  a  point  source  that 
utilize  (A.  10),  (A.  11),  and  (A.  16)  cannot  give  the  wave  field  in  the  region 
of  shadow  zones  or  foci  or  caustics;  however,  these  solutions  can  describe 
the  field  at  surfaces  that  bound  such  points  and  solutions  of  the  form  of 

(A.  19)  can  then  be  attempted.  If  the  contributions  from  caustics  or  foci 
that  may  occur  on  such  bounding  surfaces  can  be  shown  to  be  negligible,  the 
method  can  be  used  to  compute  the  wave  field  at  individual  points  within 
the  surface. 

3.  If  the  medium  is  not  horizontally  stratified  but  possesses 
gradients  in  two  dimensions,  greater  care  must  be  used  at  ray  crossing 
points.  Specifically,  it  must  be  determined  whether  solution  (A.  24b)  or 
solution  (A.  24c)  applies  to  the  stationary  phase  integral.  The  former  will 
give  a  phase  shift  of  -it  while  the  latter  gives  only  one-half  that  phase 
shift. 

4.  It  is  incorrect  to  automatically  apply  corrections  of  -it/2 
to  a  ray  that  goes  through  a  turning  point.  For  example,  in  Fig.  A- 9,  the 
correction  is  appropriate  to  rays  that  reach  the  plane  S  with  initial  angles 
less  than  ©c  ,  but  is  incorrect  for  the  steeper  rays  that  leave  the  source 
at  angles  greater  than  0c  .  Note  also  that  in  the  example  of  Fig.  A- 9,  and 
provided  that  the  velocity  gradient  region  is  thick  enough,  the  first  arrival 
will  have  no  phase  change  but  the  second  arrival  will. 

5.  If  high  reflectivity  surfaces  bound  the  velocity  gradient 
region  from  above  in  such  a  manner  that  the  steeper  rays  from  P  are 
surface  reflected  and  do  not  reach  the  plane  S  in  the  region  of  point  O 

in  Fig.  A-4  but  the  rays  refracted  about  the  initial  angle  6q  are  permitted, 
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the  phase  change  correction  will  still  be  applicable  oven  though  the  other 
field  contributions  are  eliminated, 

6.  While  it  must  be  determined  that  the  frequencies  for  which 
these  results  are  applied  are  high  enough  so  that  ray  theory  is  valid  as  an 
asymptotic  limit,  the  criteria  for  the  existence  of  the  phase  shift  depend 
sole!  /  on  the  ray  crossings  prior  to  an  arrival  point  unless,  of  course, 

this  point  is  taken  so  close  to  a  focus  or  caustic  that  the  full  wave  field  must 
be  evaluated. 

7.  When  multiple  arrivals  are  present,  and  provided  that  the 
observation  point  is  not  near  a  caustic  or  focus,  the  total  field  amplitude 
may  be  determined  by  superposition  of  the  independent  ray  fields  unless  the 
medium  is  nonlinear. 

8.  The  ray  solutions  are  not  adequate  for  the  evaluation  of 
reflection  and  transmission  coefficients  at  boundaries  with  discontinuous 
changes  in  the  sound  velocity.  Ray  theory  c.an  be  used  for  these  if  these 
coefficients  are  given  independently,  including  both  the  real  and  imaginary 
components. 

9-  The  caution  given  in  the  beginning  of  this  appendix  is  re¬ 
emphasized  here;  in  applying  these  techniques  to  a  nonhomogeneous  medium 
such  as  the  ocean,  it  must  be  established  that  the  velocity  field  can  be  known 
with  sufficient  accuracy  to  justify  any  connection  between  the  computed  travel 
time  T  for  a  model  velocity  field  and  the  actual  phase  change  of  the  ray 
over  its  path.  It  is  most  probable  -  and  this  will  be  established  in  future 
research  -  that  such  investigations  will  be  valuable  for  adjacent  rays  that 
travel  over  nearly  the  same  ray  paths.  For  this  situation,  together  with 
the  approach  of  (A.  2)  above,  one  wishes  to  establish  procedures  for  deter¬ 
mining,  for  example,  the  effective  width  of  convergence  zones  including 
diffraction  effects. 
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Fig.  A-2.  Coordinate  system  used  to  construct  an  aperture -limited 

diffraction  field.  On  the  spherical  surface  S  of  radius  f  the  wave 

-ikf 

V  {r ,  t)  is  constant  in  phase  and  magnitude  and  is  given  by  — j — 

The  field  due  to  this  wave,  representing  the  truncation  of  the  wave  by 
the  finite  aperture  of  S  ,  of  diameter  2G  ,  is  determined  at  P 
O  is  the  focal  point  of  S 
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Fig.  A-3.  Ray  geometry  used  to  extend  wave  solution  on  surface  Sj 
through  the  region  of  ray  crossings,  C  ,  to  a  further  surface  S^, 
Equation  (A.  21)  is  used  to  determine  the  field  on  in  terms  of  the 

field  on  Sj  and  in  terms  of  ray  solutions  from  points  on 

to  the  points  on  surface  Sj  at  O"  These  are  separated  by  the 
travel  time  T" 


-342- 


Fig.  A- 4.  Conventional  ray  diagram  for  the  refraction  of  an  incident 
plane  wave  against  a  velocity  gradient.  The  medium  is  horizontally 
stratified  with  constant  sound  velocity  for  negative  values  of  z  and 
with  a  constant  gradient  for  positive  values  of  z  .  The  gradient  is 
given  by  p  The  normal  rays  of  an  incident  wavefront  at  surface 
S  are  turned  in  the  gradient  region  and  are  refracted  back  toward 
negative  depths,  is  the  depth  at  which  the  rays  are  turned  to  be 

horizontal. 
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Fig.  A- 5.  Huygen's  determination  of  the  field  at  P  due  to  an  incident 
plane  wave  at  S  The  diagram  is  otherwise  analogous  to  Fig.  A- 4. 

The  rays  from  P  are  specified  by  their  angle  with  respect  to  the  hori¬ 
zontal,  8  .  P  has  been  chosen  to  be  on  the  same  level  as  the  normal  ray 

from  point  O  on  S  ,  and  this  ray  makes  an  angle  8  with  the  hori- 

o 

zontal.  On  S  the  ray  from  P  have  a  ray  direction  s  that  is  inclined 
by  the  angle  a  with  respect  to  the  normal  of  plane  S  Points  P  and 
O  are  separated  in  range  by  distance  Rq  .  As  specified  parameters  for 

the  ray  tracing  program  the  following  values  were  chosen: 

0o  ~  30°  p  =  0.  50/sec 

Rq  r  17,  320.  5080  meters  c  =  1500  m/sec 

Zp  =  -4000  meters 
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AN  INFLICTION  POINT  FOR  TMI  RAYS  It  tISCtNATIt  \  AN*  (S  COMMON 
TO  ROTM  TMI  TIAVIl  TIMI  AN*  TMf  POSITION  y. 


Fig.  A-8.  C r  ,  rs  of  equal  travel  time  for  rays  from  P  to  the  plane 
surface  S  me  .mred  with  respect  to  point  O  on  S  Fig.  A-8a 
gives  the  contours  for  initial  angles  0<  0  and  Fig.  A-8b  gives  the 
contours  for  initial  angles  02  0. 
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F>fr.*-9  DETAILED  KAY  PATHS  FOR  SET 'O*  KAYS  SHOWING  KAY  INTI KSECTIONS . 

SOLID  LINE  S  INDICATE  KAYS  WITH  AND  DASHED  LINES  INDICATE 

KAYS  WITH  •»•*.  ADJACENT  RAYS  WITH  R*  Rj  HAVE  MADE  ONE 
INTERSECTION  REfORE  MEETING  PLANE  S  ROT  THE  KAYS  WITH  •*»« 
HAVE  NOT  INTERSECTED  REFORE  MEETING  PLANE  S  . 
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A  series  of  computer  programs  has  been  developed  for  the  calculation  of 
the  acoustical  field  in  long-range,  low-frequency  underwater  sound  propagation  in 
the  deep  ocean.  The  programs  involve  the  extraction  of  data  inputs  from  available 
data  banks,  the  calculation  of  ray  trajectories,  and  intensity  calculations  that  are 
based  on  the  mapping  of  ray  densities  into  the  far  acoustical  field.  This  report 
outlines  the  methods  used  in  the  calculations  and  provides  incidental  commentary 
on  the  results  of  the  program  and  its  application  to  underwater  sound  propagation. 
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